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ABSTRACT
CHARACTERIZATION OF THE RADIATION ENVIRONMENT OF THE INNER
HELIOSPHERE USING LRO/CRATER AND EMMREM
by
Colin J. Joyce
University of New Hampshire, December, 2016
I provide a characterization of the radiation environment of the inner heliosphere from mid2009 to present using measurements made by the Cosmic Ray Telescope for the Effects of
Radiation (CRaTER) aboard the Lunar Reconnaissance Orbiter (LRO) and modelling provided by the Earth-Moon-Mars Radiation Environment Module (EMMREM). In the course
of this study, I analyze solar energetic particle (SEP) radiation in the form of four major
solar events that occurred during this time range as well as the evolution of galactic cosmic
ray (GCR) modulation over a period in which relatively calm solar conditions have resulted
in the highest GCR fluxes measured in the space age. Using CRaTER measurements taken
during three major solar events that occurred in 2012, I demonstrate a validation of the
online PREDICCS system (Predictions of radiation from REleASE, EMMREM, and Data
Incorporating CRaTER, COSTEP, and other SEP measurements), which uses EMMREM to
provide near real-time radiation modelling at the Earth, Moon and Mars, finding PREDICCS
to be quite accurate in modelling the peak dose rates and total accumulated doses for major
solar events. Having demonstrated the accuracy of PREDICCS/EMMREM in modelling
SEP events, EMMREM is used to provide an analysis of the potential radiation hazard of
the extreme solar event observed by STEREO A on 23 July 2012, an event which has drawn
comparisons to the historic Carrington event due to the exceptional size and record speed of
the interplanetary coronal mass ejection associated with it. Such an event might be viewed
as something like a worst case scenario in terms of the threat of SEP radiation to astronauts,
xi

however the evidence shown here suggests that, with the benefit of heavy protective shielding, astronauts would not have been exposed to levels of radiation that approach NASA’s
permissible exposure limits. These findings add to a mounting set of evidence which suggests that, contrary to conventional wisdom, the largest radiation threat to future manned
space missions is not extreme solar events, but GCRs, which represent a constant source
of radiation for which shielding is much less effective. With this in mind, CRaTER measurements taken over the course of the LRO mission are used to model the modulation of
GCRs over this time period, which is then used as input into a new atmospheric radiation
model that has been developed to compute dose rates as a function of altitude in the atmospheres of the Earth and Mars. I compare the modelled dose rates to the nearest available
measurements including balloon and aircraft based measurements for the Earth dose rates
and measurements made by the Mars Science Laboratory for the Mars dose rates, finding
the modelled results to be reasonable. For airline altitudes in particular, the model is able
to reproduce measurements made aboard commercial and research aircraft as a part of the
Automated Radiation Measurements for Aviation Safety (ARMAS) project to within the
uncertainty limits recommended by the International Commission on Radiation Units and
Measurements (ICRU).

xii

Chapter 1
Introduction
1.1

Motivation

Radiation in the form of solar energetic particles (SEPs) and galactic cosmic rays (GCRs)
represents a significant obstacle to future space missions. Solar wind conditions during the
current and previous solar cycle have proven to be unique compared to previous cycles in
the space age, further complicating risk assessment efforts for future manned missions. On
one hand, Schwadron et al. (2014) has shown that the unusually low solar activity during
the extended solar minimum of cycle 23 and the weak maximum of cycle 24 has led to
the highest GCR fluxes of the space age, presenting a serious barrier to future missions.
On the other hand, large solar events, such as the powerful interplanetary coronal mass
ejection (ICME) observed by the STEREO A spacecraft in July of 2012 remain a looming
and unpredictable danger to spacecraft crew members during extended missions. Access
to in situ measurements of energetic particles, as well as accurate radiation modeling, is
becoming increasingly important as these changes in radiation conditions begin to challenge
conventional risk assessment strategies. In the following chapters, I explore some of the many
ways in which direct measurements and modeling can be used to characterize the radiation
environment of the inner heliosphere and provide tools that can be used in radiation studies
and for the planning of future missions.
The best and most accurate way of studying radiation in the inner heliosphere is through
direct measurement of energetic particles. The work shown here has been facilitated by
1

the availability of data from an instrument that has been specifically designed to measure
energetic particle radiation in interplanetary space, providing much more useful and accurate radiation data than have been previously available to the scientific community. The
Cosmic Ray Telescope for the Effects of Radiation (CRaTER) is an instrument aboard the
Lunar Reconnaissance Orbiter (LRO) which was designed to characterize the lunar radiation environment and has been collecting data since mid-2009, over a period of uncommonly
quiet solar conditions. CRaTER has provided an ideal means of studying the increasing
threat of GCRs, however despite the relative calm of the sun over this time, this effort has
benefitted from the observation of three major solar events during this period, which have
helped to provide a relatively comprehensive view of the radiation hazards facing astronauts
in the inner heliosphere. A significant portion of the work I put into the research shown
here was spent in analyzing CRaTER data and developing data products that enable the
detailed study of radiation phenomena. These data products have been made available to the
scientific community on the CRaTER website (http://crater-web.sr.unh.edu/) and are
updated automatically on a daily basis. In addition to providing insight into energetic particle radiation, these data products also provide a perfect opportunity for validating radiation
models.
While in situ measurements provide an ideal means of studying radiation, they are not
available for every desirable time and location and therefore modelling plays an essential
role in the study of radiation throughout the heliosphere. While CRaTER is specifically
designed to measure radiation directly, most spacecraft instruments that measure energetic
particles are not set up to do this and require additional modelling to be of any use in
assessing radiation hazards. Modelling is also very important in that it enables evaluation of
radiation hazards in real time, which is essential tool for limiting radiation exposure for future
manned missions. PREDICCS (Predictions of radiation from REleASE, EMMREM, and
Data Incorporating CRaTER, COSTEP, and other SEP measurements) is an online system
which provides a near real time characterization of the inner heliosphere. Using energetic
2

particle flux data as input, PREDICCS uses the Earth-Moon-Mars Radiation Environment
Module (EMMREM) to solve for the transport of energetic particles through the heliosphere
and provide radiation data at the Earth, Moon and Mars for different levels of shielding.
This dataset is updated hourly and has been made available to the scientific community on
the PREDICCS website (http://prediccs.sr.unh.edu/).
My primary objective here is to obtain a better understanding of the radiation environment of the inner heliosphere using a combination of in situ measurements and modeling.
The combination of CRaTER measurements and modelling from EMMREM enables the
detailed evaluation of radiation hazards in ways that have not previously been possible. In
particular, this work is concerned with the many factors that determine the severity of the
radiation impact on humans, including the role of shielding in reducing risk, atmospheric
shielding at the Earth and other planets and the position of an observer relative to an
interplanetary coronal mass ejection (ICME).

1.2

Overview

Validation via direct measurement is a critical step toward the serious implementation of any
scientific model. In Chapter 3, I provide an overview of the work done by Joyce et al. (2013)
to provide a validation of the online PREDICCS system for modeling energetic particle
radiation in the heliosphere using comparisons to measurements made by the CRaTER
instrument on the Lunar Reconnaissance Orbiter (LRO) during three major solar events
that occurred during 2012. For each event, I compare modelled dose rates and accumulated
doses to those measured by CRaTER, evaluating the accuracy of the model and providing
explanations for any observed discrepancies. The validation of the PREDICCS system paves
the way for its use in assessing radiation environments where direct measurements are not
available and sets the stage for all the modelling work shown here using EMMREM. The three
events studied in this chapter are the only major SEP events that CRaTER has been able to
3

measure directly and thus provide an excellent opportunity to evaluate the radiation hazard
of extreme events using an instrument that is ideally suited for this task. Additionally,
I provide an analysis of the potential radiation threat these events might have posed to
astronauts using permissible exposure limits (PELs) set by NASA.
In Chapter 4, I provide an overview of the work done by Joyce et al. (2015), which used
the EMMREM radiation model to evaluate the potential radiation hazard of the extreme
space weather event that was observed by the STEREO A spacecraft during July of 2012.
The interplanetary coronal mass ejection associated with this event was uncommonly large
and the fastest ever measured, resulting in many initial comparisons between this event and
the historic Carrington event of 1859, which caused one of the largest geomagnetic storms
ever recorded, producing aurorae observed worldwide as well as causing the destruction of
a great deal of telegraph equipment. Fortunately, the July 2012 event missed the Earth,
but several studies have attempted to quantify the potential geomagnetic effect of such an
event had it encountered the Earth and speculate on the potential damage that could have
been caused to electrical equipment and communication systems here on Earth. Rather than
focusing on the geomagnetic effects of this rare event, in this chapter, STEREO A energetic
particle measurements are used together with the EMMREM radiation model to quantify
the potential radiation hazard this event would have posed to astronauts had the ICME
encountered a manned spacecraft during its transit through the heliosphere. Additionally,
using data from STEREO B and CRaTER, which were well separated longitudinally from
STEREO A during the event, I provide an analysis of how observed radiation profiles vary
based on the location of the observer relative to the outgoing ICME.
Galactic cosmic rays represent a nearly constant and dangerous hazard that must be
considered in order to ensure the safety of astronauts for future manned missions as well
as aircraft passengers and crewmembers here on Earth. In Chapter 5, I describe a new
atmospheric radiation model that was introduced by Joyce et al. (2016), based on previous
work done by Joyce et al. (2013) and Joyce et al. (2014). This atmospheric radiation model
4

uses measurements from CRaTER together with a combination of existing transport codes
and elements of other models and uses them to evaluate the atmospheric radiation environments of the Earth and Mars over the course of the LRO mission. Using recently available
radiation measurements made by instruments aboard research and commercial aircraft, I
provide a validation of the dose rates modelled in Earth’s atmosphere, demonstrating the
accuracy of the model and determining its weaknesses. A comparison of the modelled dose
rates as a function of altitude is also compared to balloon-based measurements during two
simultaneous launches from California and New Hampshire.

5

Chapter 2
Background
In this chapter, I review the subjects relevant to the work presented in the following chapters.
Background information is provided on subjects including energetic particle radiation and
space weather, solar energetic particles, galactic cosmic rays, the CRaTER instrument on
the Lunar Reconnaissance Orbiter, the online PREDICCS radiation system, the EMMREM
radiation model and the state of radiation hazard assessment during the Apollo era. This
background material is intended to support and provide context for the research presented
in the chapters to follow.

2.1

Radiation and Space Weather

Radiation is the emission of energy in the form of electromagnetic waves or particles, which
can later transfer this energy to materials these waves or particles travel through. When
these waves or particles contain enough energy to free electrons from atoms or molecules
in the materials they travel through; they are referred to as ionizing radiation. Generally,
ionizing radiation is harmful to humans, potentially causing a variety of health problems
or even death in extreme cases, however it has also become an important tool in medicine
for treating a range of health conditions. Ionizing radiation leads to the production of free
radicals and breakage of important chemical bonds within the human body, which can modify
cellular structure and damage DNA, leading to mutations. While this kind of damage occurs
all the time within the human body, large doses of radiation can impair the ability of cells
6
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Figure 2.1: Plot of the energy deposited per unit path length (also known as linear energy
transfer or LET) for protons penetrating through water as a function of the proton energy.
Data is taken from the NIST PSTAR database.
to repair themselves, leading to adverse health consequences.
The biological damage potential of radiation varies greatly depending not only on the
type of radiation, but also its energy. Figure 2.1 shows the energy deposited by protons in
water divided by their path length in the water as a function of the energy of the protons,
where the data plotted is obtained from the Nation Institute of Standards and Technology
PSTAR database (data available at: http://physics.nist.gov/PhysRefData/Star/Text/
PSTAR.html). The energy deposited divided by the path length is known as the linear energy
transfer (LET), an important quantity in the assessment of radiation hazards that will be
used frequently in this body of work. The PSTAR data was computing using fitting functions
of experimental data for low energy protons (below 0.5 MeV). For higher energy protons the
Bethe formula was used, with general Bethe formula given by (Wilson et al., 1988):


dE
dx



4πnz 2
=
·
me v 2



e2
4πǫ0


2  

2me v 2
2
−β ,
· ln
I(1 − β 2 )
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(2.1)

where n is the electron density of the material the particle is passing through, z is the charge
of the penetrating particle, me is the mass of an electron, v is the velocity of the penetrating
particle, e is the charge of an electron, ǫ0 is the permittivity of free space, I is a materialdependent ionization constant, and β is the ratio of the particle’s speed to the speed of
light. From this formula, it can be seen that the LET is proportional to z 2 and inversely
proportional to v 2 , and that the LET is not dependent on the mass of the penetrating
particle. The z 2 dependence is significant because it means that LET measurements can be
used to identify the particle species that contribute to measured radiation, as will be shown
when LET spectra are discussed in Section 2.3. Upon initial inspection of Figure 2.1, one
might conclude that since protons at about 0.1 MeV produce the highest LET that this is the
energy for which protons are most dangerous, however it is important to remember that the
amount of energy a particle can deposit into a material is limited by its own kinetic energy.
In other words, the penetrating particle cannot impart more energy into the material than
it possesses to begin with.
As a means of illustrating this effect, Figure 2.2 shows the amount of energy deposited
by protons in 1 cm of water as a function of the proton energy. A depth of 1 cm into water
happens to be a commonly used proxy for skin or eye tissue in radiation risk assessment as
will be discussed later in this section. As can be seen from the plot, the energy deposited
increases linearly at low proton energies , meaning that the protons in this energy range
are depositing all of their kinetic energy into the water before even penetrating all the way
through the 1 cm we are considering. By contrast, higher energy particles contribute only a
fraction of their energy before escaping, passing completely through the 1 cm of water, and
continuing on their way. It can therefore be concluded that the protons that are the most
dangerous are the highest energy particles that still deposit all of their energy in the material,
penetrating exactly 1 cm into the water before stopping. In this case, the most dangerous
energy falls between 10 and 20 MeV. Following the peak, the energy deposited falls with the
energy in an approximately linear fashion until levelling off at a level of energy deposition
8
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Figure 2.2: Plot of the energy deposited by protons in 1 cm of water as a function of energy.
that is about an order of magnitude below the peak level. The important takeaway from
this is that the radiation hazard of energetic particles does not continuously increase as
they gain energy, as might be expected intuitively, but instead the particles that pose the
greatest radiation threat fall within a middle range of energies, with the most hazardous
energy range varying depending on particle species and tissue type. It is important to note,
however, that this is a very simplified calculation which does not account for the production
of secondary particles that result from nuclear collisions between the penetrating particles
and the molecules in the material. These secondaries can represent major contribution to
the overall radiation hazard, and substantially increases the danger of high energy particles
which can produce secondaries that fall within the more dangerous energy ranges. This effect
will be further addressed in the discussion of shielding in Section 2.1.4 and in the discussion
of galactic cosmic rays in Section 2.2.1.

9

2.1.1

Radiation Effects

The International Commission on Radiological Protection (ICRP) is an independent organization that provides guidance and recommendations for protection against hazards associated with ionizing radiation. The ICRP groups the health effects of ionizing radiation into
two basic categories: deterministic and stochastic effects. Deterministic effects are harmful
tissue reactions that are the result of cellular destruction or modification due to ionizing
radiation. They are generally easier to characterize due to their simple cause and effect
nature. Essentially, there is a threshold amount of radiation absorbed within a given tissue
or organ beyond which the adverse health effect is expected to occur. The actual threshold
values depend on a range of factors and vary from person to person. Some deterministic
effects include skin damage, hair loss, cataracts, sterility and death. Stochastic effects, by
contrast are more complicated, relying on probabilities based on experimental data. While
the risk of stochastic effects occurring increases with the amount of radiation, there are no
simple thresholds that can be applied, and thus guidelines associated with stochastic effects
are based on the probabilities of these effects occurring and are subject to a large degree
of uncertainty. The primary stochastic effect of radiation exposure that is considered is the
development of cancer, however heritable diseases passed from those exposed to radiation to
their offspring represent an additional, if unproven, stochastic effect of radiation.

2.1.2

Radiation Quantities

In determining radiation protection recommendations, the ICRP uses a variety of radiation
quantities to provide guidelines for how different levels of radiation can be expected to affect
humans. The fundamental quantity used to measure radiation is the absorbed dose, also
referred to simply as dose. Dose is a measure of the energy deposited into a material by
electromagnetic waves or energetic particles divided by the mass of the material, with the SI
unit of dose being J/kg or gray (Gy). While the dose provides the foundation for all analyses
10

Radiation Type
Photons
Electrons and muons
Protons and charged pions
Alpha particles, fission
fragments, and heavy ions
Neutrons

wR
1
1
2
20
A continuous function of energy given by Equation 2.3.

Table 2.1: Equivalent dose weighting factor for different forms of radiation (ICRP Report
103, 2007).
of radiation hazard, because different forms of radiation vary in their impact on humans,
dose in its unmodified form is not considered a sufficient indication of potential health risks
to humans. In order to properly assess the hazards of radiation to humans, the ICRP has
defined a few different quantities that are based on the absorbed dose, but also factor in the
variance in impact of different forms of radiation on humans.
The equivalent dose is the dose in a tissue or organ weighted by the biological damage
potential of different types of radiation and is given by:

HT =

X

wR DT,R ,

(2.2)

R

where HT is the equivalent dose for tissue or organ T , wR is the radiation weighting factor
for radiation type R (shown in Table 2.1), and DT,R is the absorbed dose for radiation R
in tissue/organ T (ICRP Report 103, 2007). The weighting factor for neutrons is plotted in
Figure 2.3 and is given by:



2.5 + 18.2e−[ln(En )]2 /6 ,
En < 1MeV




wn = 5.0 + 17.0e−[ln(2En )]2 /6 ,
1MeV ≤ En ≤ 50MeV,






2.5 + 3.25e−[ln(0.04En )]2 /6 , En > 50MeV

(2.3)

where En is the energy of the neutrons in MeV. Limits on equivalent dose exposures are used
to prevent damage to individual tissues or organs as well as stochastic effects.
Another important quantity in radiation risk assessment is the effective dose, which
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Figure 2.3: Equivalent dose weighting factor for neutrons as a function of energy. Figure is
from ICRP Report 103 (2007).
represents the overall radiation detriment due to stochastic effects from all tissues and organs
in the human body. The effective dose, E, is given by:

E=

X

w T Ht =

T

X
T

wT

X

wR DT,R ,

(2.4)

R

where wT is the effective dose weighting factor for tissue type T shown in Table 2.2. The
values shown in Table 2.2 are mean values averaged over both sexes and across all ages, with
the actual radiation detriment characteristics varying from person to person. The special
unit for measuring both equivalent dose and effective dose is the sievert, which is equivalent
to the gray in terms of SI units (J/kg).
Prior to the publication of ICRP Report 60 (1991), a different weighting factor, known as
the quality factor, was used to compute the equivalent dose. This quality factor, is computed
in terms of the LET of the radiation in the medium it is passing through. The formula for
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Tissue
Bone-marrow (red), Colon, Lung,
Stomach, Breast, Remainder tissues
Gonads
Bladder, Oesophagus, Liver, Thyroid
Bone surface, Brain, Salivary glands, Skin

wT
0.12

P

wT
0.72

0.08
0.04
0.01

0.08
0.16
0.04

Total:

1.00

Table 2.2: Effective dose weighting factor for different organs and tissue types (ICRP Report
103, 2007). Remainder tissues consist of the adrenals, extrathoracic region, gall bladder,
heart, kidneys, lymphatic nodes, muscle, oral mucosa, pancreas, prostate, small intestine,
spleen, thymus, and uterus/cervix.
the quality factor, Q, is:




1
LET < 10




Q = 0.32LET − 2.2 10 ≤ LET ≤ 100,




√


300/ LET
LET > 100

(2.5)

where LET is the linear energy transfer of the radiation in keV/µm. While this definition
of the equivalent dose has been superseded for definitive estimations of radiation hazard,
because the modern forms of equivalent and effective dose, based on the weighting factors
wR and wT , cannot be measured directly, the old definition of the equivalent dose, based on
the quality factor, Q, is still used as an operational quantity since it can be directly measured
and is called the personal dose equivalent, Hp (d), where d is the depth into soft human tissue.
In practice, the personal dose equivalent is used to evaluate long term stochastic biological
effects such as cancer and mortality, as opposed to short term deterministic effects. For
routine radiation monitoring, the personal dose equivalent at depths of 3 mm and 10 mm
are considered significantly accurate proxies for the equivalent dose for the lens of the human
eye and the effective dose, respectively (ICRP Report 103, 2007).
In order to limit short term deterministic effects to astronauts, NASA uses a different
dose quantity, sometimes referred to as the gray-equivalent dose, GT , which also has units of
13

Radiation Type
1-5 MeV neutron
5-50 neutrons
Heavy ions
Protons > 2 MeV

Recommended RBE
6.0
3.5
2.5
1.5

Table 2.3: Relative biological effectiveness values for non-cancer radiation effects as recommended by NCRP Report 132 (2000).
J/kg, but are called gray-equivalent (Gy-Eq) (Cucinotta et al., 2010). The gray-equivalent
dose is the absorbed dose scaled by the relative biological effectiveness (RBE) factor, whose
values depend on the radiation type and are given by Table 2.3. These RBE factors are
used to compute gray-equivalent doses for skin, eye and blood forming organ, which are
three tissue types used by NASA to evaluate short term radiation risks and are described in
greater detail in Section 2.1.3

2.1.3

Tissue and Organ Proxies Used in Radiation Risk Assessment

In order to account for the self-shielding of organs and tissues that occurs within the human
body, anthropomorphic models, known as reference phantoms, are required to accurately
compute the effective dose for risk assessment. While a variety of different reference phantoms
have been used in the past, the ICRP has recommended two reference models, a male and
female, to be used for the computation of the effective dose (ICRP Report 103, 2007).
These models were developed by Zankl et al. (2005) and Zankl et al. (2007), using three
dimensional scans of an individual male and female, with the organ masses then adjusted
to match the reference adult male and female models defined by ICRP Report 89 (2002).
The models consist of approximately 140 different organ and tissue types, including those
referenced explicitly in Table 2.2, as well as skeletal tissue, cartilage, muscle and main blood
vessels. Because the effective dose is sex-averaged, equivalent doses are first computed for
all the relevant organs and tissues and averaged between the two models, before the tissue
14

Organ
Lens/Eye
Skin
BFO

30 Day Limit
100
150
25

1 Year Limit
200
300
50

Career Limit
400
600
Not Applicable

Table 2.4: NASA permissible exposure limits for skin, lens and BFO as recommended by
NCRP Report 132 (2000) in terms of cGy-Eq.
weighting factor defined in Table 2.2 is applied to compute the final effective dose. The ICRP
recommends an effective dose limit of 1 mSv per year for members of the public, as well as
an occupational limit of 20 mSv per year for workers being exposed to radiation during the
course of paid employment (ICRP Report 103, 2007).
In order to protect astronauts from radiation hazards, NASA has implemented a set of
Permissible Exposure Limits (PELs) which limit the gray-equivalent dose that astronauts
may experience within a given time period before they experience short-term or career noncancer effects as a result of their exposure (Cucinotta et al., 2010). Table 2.4 shows the 30
day, one year and career PELs for the lens/eye, skin and blood forming organ (BFO, which
essentially means bone marrow) (NCRP Report 132, 2000). In practice, the dose in these
tissues are evaluated at different depths in water that are considered equivalent, with depths
of 1 cm (column density 1 g/cm2 ) and 10 cm (10 g/cm2 ) being proxies for skin/lens and
BFO respectively. Water is used as a proxy for human tissue for the sake of simplicity and
is a suitable approximation since it constitutes more than half of the human body.

2.1.4

Shielding

The most effective tool for protecting astronauts from energetic particle radiation is shielding, which reduces the astronauts exposure by reducing the energy of the incident particles
or potentially stopping them entirely. The four levels of shielding that are considered in the
radiation modelling shown here are spacesuit, heavy spacesuit, spacecraft and heavy protective shielding, corresponding to 0.3, 1.0, 5.0 and 10.0 g/cm2 aluminum, respectively. The
effectiveness of shielding depends a great deal on the energy of the penetrating particles, be15

ing much more effective at stopping lower energy particles and much less effective for higher
energy particles, which can much more easily penetrate the shielding. In fact, in some cases,
for very high energy particles, shielding actually serves to increase the radiation exposure
due to the production of secondary particles resulting from collisions within the shielding.
As previously mentioned, particles in the middle range of energies tend to present more of a
radiation hazard than those at the extremely high and low ends of the spectrum. Because
of this, it is possible for a high energy particle, which would normally not be much of a radiation threat, to create a cascade of lower energy secondary particles while passing through
shielding material that are much more dangerous to humans. Neutrons, in particular, are
a common product of these collisions and have a relatively high RBE, as seen in Table 2.3.
Thus, while shielding is an effective tool in preventing radiation exposure to astronauts, the
level of shielding used must be carefully considered to minimize risk.

2.2

Energetic Particles: Their Origins and Properties

When analyzing the radiation environment of the inner heliosphere, there are two main populations that must be considered: solar energetic particles (SEPs) and galactic cosmic rays
(GCRs). SEPs are energetic particles that originate from the Sun and propagate outward
through the solar system, while GCRs penetrate into the heliosphere from the surrounding
interstellar medium (ISM). Figure 2.4 shows the primary sources of energetic particles in
the heliosphere. As a result of these differing origins, these two types of energetic particles
possess divergent characteristics and present different challenges for risk assessment efforts
in the planning of future manned space missions. In this body of work, the main concern
is the observational characteristics of energetic particles that directly affects their radiation
hazard to humans, however in this section I also briefly discuss the origins of these particles
as they pertain to these characteristics.
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Figure 2.4: Heliospheric radiation hazards including galactic cosmic rays originating from
outside the solar system (top), interplanetary shocks (middle), as well as solar flares (bottom
left) and coronal mass ejections (bottom right). Figure is taken from Schwadron et al. (2010).
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Figure 2.5: Figure from Schwadron et al. (2014) showing the inverse relationship between
GCR radiation and solar activity (as indicated by sunspot number). The figure also demonstrates the trend of increasing GCR radiation as solar activity wanes during recent solar
cycles.

2.2.1

Galactic Cosmic Rays

Galactic cosmic rays are energetic particles that have been accelerated to extremely high
energies in supernova shocks and transported through the ISM before penetrating into the
heliosphere where they become an important component of the radiation environment. Due
to the long timescales over which their sources vary, the spectrum of GCRs that is incident
on the heliosphere is generally assumed constant as a reasonable approximation and thus
GCRs represent a ubiquitous source of radiation in the solar system. While the sources of
GCRs remain relatively constant over time, like SEPs, the abundances of GCRs that are
measured in the heliosphere is very much influenced by solar activity, however the relationship is inverse to that of SEPs, with GCRs being least abundant during solar maximum when
increased interplanetary magnetic field (IMF) strengths and frequency of coronal mass ejections (CMEs) serve to modulate the flux of GCRs, and most abundant during solar minimum
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Figure 2.6: Figure from Wiedenbeck et al. (2007) showing the elemental composition of
GCRs. The elemental composition of the solar system is also shown for comparison. The
two compositions are very similar, with differences most likely being due to the breakdown
of heavier elements via nuclear spallation into lighter elements during transit through the
ISM.
when the Sun is quiet (as shown in Figure2.5). Figure 2.6 shows the relative abundances
of GCR elements as compared to those in the solar system, indicating that the compositions are very similar with differences most likely being due to the breakdown of heavier
elements into lighter elements via nuclear spallation as the particles transit the ISM. While
it is common for members of the public or even the scientific community think of radiation
hazards to astronauts in terms of violent solar storms that can erupt at any time (in fact
risk assessment efforts in reducing radiation exposure to astronauts during the space age
have mostly focused on such events), there is mounting evidence that the radiation effects
due to GCRs may be the key limiting factor in the duration and scope of future manned
space missions. Recent work by Schwadron et al. (2014) has shown that the current trend
of declining solar activity has resulted in the highest fluxes of GCRs measured in the space
age and that radiation from GCRs is a much more significant factor in limiting the duration
of future manned space missions than radiation from SEPs.
GCRs were first discovered by Victor Hess in 1912 when he conducted an experiment
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measuring the level of ionization in the atmosphere using an electroscope as it rose to an
altitude of almost 6 km in a hydrogen balloon (Jones et al., 2013). In finding that the ionization increased with altitude, he proved that the source of ionization was not radioactive
elements in the Earth’s crust as previously theorized, but must originate from outside the
Earth’s atmosphere. Subsequent measurements made during solar eclipses were used to
rule out the Sun as a potential source of this radiation. Later in 1927, Jacob Clay used
measurements made with an ionization chamber placed on a ship to show that there was a
significant latitudinal variation, which are now known to be caused by the dipole structure
of the Earth’s magnetic field. In the 1930’s and 1940’s, Scott Forbush made a series of discoveries while studying cosmic rays including his discovery of the so-called Forbush decrease
(Forbush, 1946), in which GCR fluxes decrease following passage of solar storms, as shown
in Figure 2.7, as a result of the modulation of GCRs by the magnetic cloud of ICMEs. Prior
to the development of particle accelerators, cosmic rays provided an early means of studying
particle physics as researchers observed the breakdown of GCRs into fundamental particles
inside of cloud chambers. Modern studies of the properties and composition are used in the
fields of astrophysics and cosmology to learn about the supernovae that accelerate them and
to probe the interstellar medium that they traverse.
Because the source population of GCRs remains relatively constant in time, the critical
factor in modelling the temporal variation of radiation caused by GCRs is the modulation
caused by the IMF as they travel through the heliosphere. In this body of work, this variation
is accounted for using the Badhwar-O’Neill model described by O’Neill (2006), which is based
on the original formalism laid out by Badhwar and O’Neill (1992). The Badhwar-O’Neill
model is based on the Fokker-Planck equation, which was shown by Parker (1965) to be
reasonably accurate in describing the propagation of cosmic rays through the heliosphere
during quiet times:
1
d(αEU)
∂U
= ▽(κS · ▽U) − (VSW + Vd ) ▽ U + ▽ ·VSW
= 0,
∂t
3
dE
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(2.6)

Figure 2.7: An observation of the Forbush decrease phenomena as well as an early observation
of SEPs following three solar flares that occurred in the 1940’s (Forbush, 1946). Increases
in energetic particle intensities are observed following the radio fallout associated with solar
flares and are followed by the arrival of magnetic storms at Earth, which precede the Forbush
decrease in GCR intensities.

21

where U is the cosmic ray density, VSW is the solar wind velocity, E is the particle kinetic
energy, κS is the symmetric part of the diffusion tensor, Vd is the particle drift velocity due
to particle gradient and curvature in the non-uniform IMF, which is related to the antisymmetric part of the diffusion tensor κa , and α = (E + 2Er )/(E + Er ) where Er is the rest
energy of the proton. Assuming a spherically symmetric heliosphere and isotropic cosmic
rays, the three free parameters in the model are the κ, VSW and the radial scale of the
heliosphere rB . Urch and Gleeson (1972) showed that the Fokker-Planck equation can be
solved using a deceleration parameter φ(r, t) given by:
1
φ(r, t) =
3

Z

rB
r

VSW (r ′ , t) ′
dr .
κ(r ′ , t)

(2.7)

Assuming that κ is proportional to the particle rigidity, this parameter may be written in
terms of a modulation potential, which represents the amount of energy lost by cosmic rays
while streaming through the heliosphere to radial distance of r:

Φ(r, t) = Zeφ(r, t),

(2.8)

where Ze is the particle charge. Badhwar and O’Neill (1992) found that the modulation
model was relatively insensitive to changes in the solar wind velocity, diffusion coefficient
and the scale of the modulation region, finding that the modulation instead depended on
the large scale structure of the IMF which varies depending on solar activity and the sign of
the polar field. O’Neill (2006) uses the following form of the diffusion coefficient:

κ(r, t) = (κ0 /VSW )βP [1 + (r/r0)2 ]/Φ(r, t),

(2.9)

where β is the ratio of the particle speed to the speed of light, P is the particle rigidity
in MV and r0 is the modulation cavity scaling parameter, which was found to be equal to
4 AU. O’Neill (2006) fit their model to ACE/CRIS measurements of oxygen, since oxygen
is highly abundant in GCRs but not in solar flares and therefore would not be corrupted
22

Figure 2.8: Figure from O’Neill (2006) showing the modulation potential at 1 AU from 1997
to 2004 as obtained from fits to ACE/CRIS oxygen data. This data was then used as input
to the Badhwar-O’Neill model to compute differential energy spectra for other heavy GCR
elements and compared to ACE/CRIS measurements in order to demonstrate the accuracy
of the model.
by the influence of SEPs, in order to obtain the modulation potential at ACE from 1997
to 2004 (as shown in Figure 2.8). This computed modulation potential was then used
as input to the model to compute differential energy flux spectra for other heavy GCR
elements. By comparing these computed spectra to those measured by ACE/CRIS, O’Neill
(2006) demonstrated the accuracy of the model, finding that it was accurate to within 5%
for the more abundant elements such as carbon and iron, and somewhat less accurate for
less abundant elements like fluorine and phosphorous probably due to much smaller sample
sizes. The work shown in Chapter 5 follows a similar procedure, using CRaTER radiation
measurements together with the O’Neill (2006) model to estimate the modulation potential
at 1 AU over the course of the LRO mission and then using it to compute dose rates in the
Earth and Mars atmospheres.
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2.2.2

Solar Energetic Particles

Solar energetic particles are particles originating from the Sun with energies ranging from
tens of keV all the way up to a few GeV. The composition of SEPs ejected from the Sun
is about the same as that of the solar wind, being comprised mostly of protons (∼90%),
with the remainder being comprised of helium ions and trace abundances of heavier ions
(Garrard and Stone, 1994). Unlike GCRs, the source population of SEPs is inconstant, with
SEP events of highly variable intensity occurring erratically with increased frequency during
solar maxima.
Due to their low energy relative to GCRs, it took comparatively longer for SEPs to be
discovered since the Earth’s magnetic field is very effective at shielding them, particularly
at low latitudes. The Earth’s atmosphere also acts as an additional layer of shielding,
making SEPs much more difficult to observe with ground-based instruments. SEPs were first
discovered in the 1940’s by scientists measuring GCRs using ionization chambers (Kahler,
2001). Forbush (1946) measured increases in energetic particles following three solar flares
and suggested the possibility that these particles might have originated from the Sun. This
theory was further solidified in the late 1950’s when it was discovered that energetic particles
in the energy range of 5-50 MeV, coinciding with radio observations of solar flares, were
capable of penetrating into the ionosphere and disrupting radio communications at high
magnetic latitudes, thus increasing the frequency of SEP observations (Reid and Leinbach,
1959). The study of SEPs really began in earnest during the 1970’s with the creation of
space-based instruments designed to measure energetic particles (Reinhard and Wibberenz,
1974). These newly available measurements facilitated improved understanding of SEPs and
how they are accelerated near the Sun and propagate through the inner heliosphere.
Following the association between SEPs and solar flares made by Forbush (1946), flare
acceleration came to be thought of as the standard source of SEPs in the heliosphere. In
spite of a theory of shock wave formation based on observations of type III radio bursts asso24

ciated with SEP events in interplanetary space proposed made by Wild et al. (1963) which
suggested that electrons were primarily accelerated by solar flares during the impulsive phase
of the event, while protons were accelerated later in the expanding shock wave, which closely
matches current scientific understanding, scientists continued to explain SEP observations in
terms of acceleration at a point source in the solar corona for decades following the Forbush
(1946) discovery. It was not until Lin and Hudson (1976) showed that events with weak
impulsive phases were capable of producing significant proton intensities, as well as a series
of studies (Kahler et al., 1978, 1984, 1987) that showed a 96% correlation between large SEP
events and CMEs that scientific thinking around the origin of SEPs began to change.
By the 1980’s and 1990’s, the scientific community had begun to separate SEP events into
two distinct categories: impulsive events in which SEPs are accelerated near the Sun by solar
flares and gradual events in which SEPs are accelerated by shocks driven by CMEs Reames
(2002); Kallenrode et al. (2003). Solar flares and CMEs are both massive explosions that
result from the contortions of the Sun’s magnetic field due to its interior motion, however
their properties differ significantly and there remains a great deal of uncertainty about the
processes that create them, with several different models competing to describe their observed
properties. Here I discuss only the observational characteristics of these SEP events, which
is of primary interest to this work, saving a general overview of the formation of flares and
CMEs as well as other underlying phenomena such as magnetic reconnection and diffusive
shock acceleration for Sections 2.2.3 and 2.2.4. When they were first observed, it was assumed
that CMEs were always associated with large solar flares, however this assumption has been
proven to be incorrect with only about 20% of CMEs being associated with large flares
(Gosling, 1993), in which case the flare typically occurs after the appearance of the CME
(Wagner et al., 1981; Simnett and Harrison, 1985). It is also important to note that while
it has become conventional to categorize events as either gradual or impulsive, the lines are
often blurred, with the largest events including both flares and CMEs, which has given rise
to the idea that flares may provide a seed population of energetic particles for the CME to
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Figure 2.9: Example taken from Reames (1999) of the time profile of a gradual events
compared to that of an impulsive event. The gradual event (a) occurred on 5 December
1981 and was associated with a CME with no accompanying flare. The impulsive events
in (b) are associated with two flares that occurred on 13 and 14 August 1982 with no
accompanying CMEs.
further accelerate later at the shock front. However, though flares and CMEs often emerge
from the same active region and may interact with one another, they form independently
and do not necessarily have any causal relationship (Reames, 1999).
While solar flares are thought to accelerate particles impulsively resulting in SEP events
lasting for several hours at most, CMEs accelerate particles more gradually at their bow
shocks resulting in SEP events which can be observed for periods of several days. Figure
2.9 shows examples of time intensity profiles of a gradual event and an impulsive event,
demonstrating the difference in the time scales. In addition to lasting much longer than
impulsive events, gradual events also generate much higher proton intensities and accelerate
protons to higher energies making them a far more significant radiation threat to spacecraft
crewmembers. It has also been observed these two event types differ in their compositions,
with gradual events being dominated by protons and impulsive events dominated by electrons. Another important difference between gradual and impulsive events is the longitudinal
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Figure 2.10: Histogram taken from Reames (1999) showing the longitudinal distribution of
SEP event observations at 1 AU of (a) gradual and (b) impulsive events relative to the source
point on the Sun. Gradual events are observed over much wider longitudinal scales due to
the fact that they accelerate particles over a longer time period at shocks that broaden and
propagate across magnetic field lines.
extent over which the energetic particles they produce can be observed in the heliosphere.
As demonstrated by Figure 2.10, gradual events are observed over much wider longitudinal
scales owing to the fact that they accelerate particles at shock fronts that broaden and cross
field lines as the ICME propagates outward. By contrast, in order to detect SEPs from an
impulsive event, the observer must be well connected magnetically to the flare, with any
spread in the distribution being due to random variations in solar wind speed and/or magnetic field (Reames, 1999). While this study is primarily focused on the most extreme SEP
events, which are always of the gradual type and associated with large ICMEs, impulsive
events associated with flares are also an significant source of SEPs and will be briefly touched
upon in the following section.

2.2.3

Solar Flares and Magnetic Reconnection

Solar flares are extremely powerful magnetic events in which energy stored in the magnetic
field of the Sun is released in the form of electromagnetic radiation and accelerated energetic
particles. In just tens of minutes, they are capable of releasing more than 1025 joules of energy,
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with the majority of the radiative energy released in the form of visible and ultraviolet light
(Fletcher, 2011), while they are typically classified based on intensity of their soft X-ray
emissions. Flares tend to occur in magnetically active regions where the field is strong
and along polarity inversion lines where the vertical component of the field changes from
positive to negative. The process of solar flare formation generally involves an active-region
solar prominence, a massive sheet of relatively cold and dense plasma that extends upward
from the corona that is lifted by a radiative instability (Kivelson and Russell, 1995). A
model of solar prominences as a twisted flux tube that is twisted by either Coriolis forces
or flux cancellation was first introduced by Priest, Hood, and Anzer (1989) and agrees
reasonably well with observations. The flare is formed when the rising prominence stretches
the underlying magnetic field creating a current sheet and the potential for processes to occur
that “break” the magnetic field lines, releasing the stored magnetic energy and causing the
eruption of the prominence (Mann et al., 2009). The underlying physical process responsible
for creating flares is magnetic reconnection, a process in which oppositely directed fields in
a conductive plasma are merged thereby converting energy stored in the magnetic field into
kinetic energy in the accelerated plasma particles (Parker, 1957; Zweibel and Yamada, 2009).
Magnetic reconnection is typically described in terms of magnetohydrodynamics in which
the frozen-in field condition applies (i.e. due to the high electric conductivity of the plasma,
the magnetic field lines are “frozen” into the plasma and must move along with it). The
breaking of the magnetic field lines violates this condition and therefore specific conditions
are needed for reconnection to occur. Figure 2.11 shows the development of a solar flare
via the process of magnetic reconnection. While magnetic reconnection is an important
natural phenomenon that occurs not just in the development of solar flares, but also in
magnetospheric storms and in the IMF of the heliosphere, and has been an active topic of
research since the 1950’s, there is still much uncertainty with regards to the specific conditions
required to produce the effect, in part due to the difficulty in observing reconnection on the
different scales necessary to explain it. Several theories including Sweet-Parker, Petschek
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Figure 2.11: Diagram of the development of a solar flare via magnetic reconnection. Figure
taken from Mann et al. (2009).
and Hall reconnection (Parker, 1957; Petschek, 1964; Vasyliunas, 1975) have been developed
over the years to explain magnetic reconnection; however, theory continues to fall short of
producing sufficiently fast reconnection rates to match observations.

2.2.4

Coronal Mass Ejections and Shock Acceleration

The second source of SEPs in the heliosphere are Coronal Mass Ejections which are largescale eruptions of solar mass and magnetic flux that originate in the lower corona and are
ejected into the interplanetary medium. The first clear observation of a CME was made
in 1971 using the NRL coronagraph, which saw several bright clouds ejected from the Sun
at approximately 1000 km/s (Kahler, 2001). CMEs are typically observed using white-light
coronagraphs measuring photospheric light generated from Thomson-scattering of coronal
electrons, though they can be observed via nearly any observable wavelength of light (Hudson
et al., 2006). The simple explanation for the origin of CMEs is that they are a product of
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Figure 2.12: Diagram of the evolution of an axially symmetric arcade from Forbes (2000),
showing the outcomes for when the magnetic resistivity η is zero (ideal MHD) and the
field becomes fully opened and when η is non-zero and magnetic reconnection results in the
eruption of a CME.
a buildup of magnetic stress caused by the shifting of magnetic foot points of closed field
lines combined with the continual emergence of new flux from the convection zones which
eventually creates a loss of stability of the field, causing it to erupt (Forbes, 2000).
Similar to solar flares, energy stored in the magnetic field is used to drive the CME. While
previously other energy sources in the corona such as kinetic, thermal or gravitational were
considered potential drivers of CMEs, it can be shown that none of these sources possess
energy densities nearly high enough to produce large CMEs (Forbes, 2000). Also similar to
solar flares, reconnection is thought to play a critical role in the formation of CMEs, as ideal
MHD is once again unable to fully explain these phenomena. Figure 2.12 shows the process
of eruption of a CME via magnetic reconnection.
An important human impact of CMEs is their ability to create geomagnetic storms when
they strike the Earth’s magnetosphere, which disturb the Earth’s magnetic field and can
lead to geomagnetically induced currents that can damage electronics on the ground and
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disrupt communications. The most extreme example is the Carrington event of 1859 which
caused auroras that could be seen as far south as the Caribbean and disrupted telegraph
communications the world over, even electrically shocking operators and causing fires in
many cases. The speed of the CME is very important in determining its geomagnetic impact,
with faster CMEs having greater potential to create storms, however the orientation of the
CMEs magnetic field is also very significant. CMEs with strong southward magnetic fields
can cause reconnection events when they encounter the Earths northward oriented magnetic
field, resulting in the injection of magnetic and particle energy into the magnetosphere.
While CMEs are often thought of in the field of space weather in terms of their potential
to create major geomagnetic storms, the work shown here is concerned with their potential
radiation hazard to astronauts and thus focuses instead on the acceleration of SEPs at their
shock fronts.
Observationally it has been established that major SEP events are the result of the
acceleration of energetic particles by shocks driven by fast moving CMEs. In fact, only the
fastest 1-2% of CMEs are capable of accelerating particles, with slow moving CMEs, even
those large enough to cause severe geomagnetic storms, being unable to generate significant
SEP events (Reames, 1999). The process by which SEPs are accelerated for quasi-parallel
IMF relative to the shock, which is the case at the nose and eastern flank of the shock,
is known as diffusive shock acceleration. This process, also known as first order Fermi
acceleration, involves energetic particles being scattered back and forth across the shock
front by magnetic turbulence present in the upstream and downstream regions. An energetic
particle on one side of the shock will diffuse around and be isotropized by the magnetic
turbulence on that side until it crosses the shock and encounters a plasma that is “seen”
by the particle as moving towards it with a velocity of |ud − uu |, where ud and uu are the
respective plasma velocities in the downstream and upstream regions. The particle will then
be scattered and isotropized by the new plasma resulting in a net increase in the velocity of
the particle in the shock frame. Essentially, each of these scattering processes can be thought
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of as a collision in which the particle gains energy before crossing back across the shock and
repeating the process. Through repeated shock crossings, the particle can be accelerated to
high energies until the particle is energetic enough to escape the shock. Additionally, waves
excited by accelerated particles can provide additional scattering, increasing the acceleration
rate of the shock and enabling the shock to accelerate particles to higher velocities than would
have been possible without the presence of these waves (Kallenrode et al., 2003). On the
western flank of the shock, the IMF is quasi-perpendicular to the shock and the dominant
acceleration mechanism is shock drift acceleration in which energetic particles are excited
via grad-B drift along the V × B electric field at the shock (Kallenrode et al., 2003).
Particle acceleration is strongest at the nose of the shock and as a result the time intensity
profiles of measured energetic particles vary significantly depending on the position of the
observer relative to the CME. Reames, Barbier and Ng (1996) identified three distinct timeintensity profiles for observers either central relative to the shock front of the CME or on
the eastern or western flanks, as shown in Figure 2.13. The observer on the eastern flank of
the shock will see a steep rise in particle intensities early in the event, since the Parker spiral
configuration of the IMF enables it to be well connected magnetically to the nose of the
shock while the CME is still close to the sun, however the flux of particles declines in time
as the connection moves toward the flank of the shock. The centrally located observer sees a
more gradual rise in intensities as it is initially connected more toward the flank of the shock,
with the intensities typically peaking once the shock arrives followed by a gradual decline
after the CME passage. The observer on the western flank is not connected to the shock very
well at all early in the event and thus sees the most gradual increase in particle intensities,
not peaking until the shock has passed and the observer is magnetically connected to the
nose from behind. In Chapter 4, similar radiation profiles are observed for the July 2012
SEP event.
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Figure 2.13: Figure from Reames, Barbier and Ng (1996) showing how the measured timeintensity profile of energetic particles varies based on the position of the observer relative to
the CME.

33

2.3

The Cosmic Ray Telescope for the Effects of Radiation

The Cosmic Ray Telescope for the Effects of Radiation (CRaTER) is one of six instrument
on the Lunar Reconnaissance Orbiter (LRO) spacecraft, a mission designed to study the
Moon and pave the way for future manned missions and possible Lunar colonization (Chin
et al., 2007). The other five instruments on the payload are the Lunar Orbiter Laser Altimeter (LOLA), designed to provide a high resolution analysis of the topography of the lunar
surface and search for ice in shadowed regions, the Lunar Reconnaissance Orbiter Camera
(LROC), designed to obtain high resolution images of the lunar surface facilitating future
landing site selection and identify potential resources, the Lunar Exploration Neutron Detector (LEND), designed to look for evidence of water ice by mapping the flux of neutrons
from the lunar surface, the Diviner Lunar Radiometer Experiment (DLRE), designed to
map the temperature of the lunar surface with the hope of identifying ice deposits, and the
Lyman-Alpha Mapping Project (LAMP), designed to provide ultraviolet mapping of the lunar surface, also looking for ice and imaging the permanently shadowed regions of the Moon.
The CRaTER instrument was designed to characterize the lunar radiation environment and
pave the way for future manned missions to the Moon by measuring ionizing radiation of
SEPs and GCRs with energies above 10 MeV.
CRaTER consists of 3 pairs of silicon solid state detectors (SSDs), which measure the energy deposited by energetic particles, separated by layers of tissue-equivalent plastic (TEP),
designed to simulate the energy loss of energetic particles as they travel through human
tissue (Spence et al., 2010). These SSDs are used to produce linear energy transfer (LET)
spectra, where LET is the deposited energy divided by path length as described in Section 2.1.
LET is a critical quantity in the study of radiation effects and previously unmeasured by
other energetic particle instruments designed to measure the incident energy of particles and
their flux. Each detector pair consists of a thin SSD which is sensitive to high LET and a
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Figure 2.14: Diagram from Spence et al. (2010) of the CRaTER telescope including the
three pairs of silicon solid state detectors (SSDs) designed to measure ionizing radiation of
energetic particles and the two layers of tissue-equivalent plastic (TEP) designed to simulate
energy loss of energetic particles while traversing human tissue.
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thick SSD to low LET. By combining the data ranges of the two detectors and eliminating
overlap, each detector pair measures a wide range of LET values ranging from 0.1 keV/µm to
2.2 MeV/µm. Figure 2.14 shows the arrangement of the detector pairs in the telescope, with
the D1-D2 pair facing out toward interplanetary space, the D3-D4 pair in the middle shielded
by two separate layers of TEP and the D5-D6 facing the lunar surface. In this body of work,
the zenith-facing D1-D2 detector pair is used exclusively since it is essentially measuring
the radiation level that would be experienced by astronauts in interplanetary space. Since
the D1-D2 detector pair is directly exposed to interplanetary space, with only 0.3 g/cm2 of
aluminum shielding, effects of the TEP layers on it’s measurements are minimal.
As stated in Section 2.1, the fundamental quantity used in the study of radiation is the
dose and it follows that in this body of work, the primary data product used is the dose rate.
I have developed an archive of hourly dose rates for each detector pair measured over the
course of the LRO mission which is continuously updated and is available to the scientific
community on the CRaTER website (http://crater-web.sr.unh.edu/). The dose rate
is computed for each detector pair by eliminating the overlap between the two detectors to
ensure that particles are not measured twice by the pair. The energy deposited is then divided
by the mass of the detector and the number of valid seconds in the hour to get the dose rate.
Each second of data is checked to ensure that the instrument is not in a state unsuitable
for making measurements (e.g., performing a calibration). During normal quiet times, there
are ∼50 events measured per second, though this number increases dramatically during SEP
events. The dose rate is then multiplied by three correction factors to make it comparable
to model outputs. The first factor is the conversion from the silicon material that comprises
the CRaTER detectors to water, which is typically used as a proxy for human tissue. This
factor is found to be a constant 1.33 (Schwadron et al., 2012) and once applied, the D1-D2
dose is equivalent to a skin/eye dose behind 0.22 g/cm2 aluminum which is comparable to
the shielding provided by a normal spacesuit.
The second factor adjusts measurements made at altitude, h, to the surface of the Moon,
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Figure 2.15: Schematic of LRO orbiting the Moon, used to illustrate the geometry used
in the derivation of the altitude correction factor, which accounts for the shielding of the
Moon and normalizes this shielding to the lunar surface, where half the sky is blocked. This
derivation considers the intersection of two spheres, one representing the lunar surface and
the other the field of view of CRaTER, with RM and r being the respective radii of the two
spheres, h being the altitude of LRO, d being the distance between the two center points,
h the altitude of LRO, a the radius of the circle of intersection, and b the length of the
spherical cap created by the circle of intersection.
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where half of the sky is blocked by the Moon (Schwadron et al., 2012), and is derived as
follows. Figure 2.15 shows a schematic of LRO in orbit around the Moon. In order to
factor out the effect of the shielding of the Moon, consider the intersection of two spheres,
one representing the surface of the Moon and the other the field of view of CRaTER, in
which the surfaces of the two spheres intersect at normal incidence. The surface area of
the field of view sphere contained within the Moon represents the portion of the field of
view that is blocked by the Moon. Implicit in this derivation is the assumption that the
radiation observed by CRaTER is isotropic, which is quite accurate for GCRs and less so for
SEPs, which can be somewhat anisotropic, particularly early in SEP events. For simplicity,
anisotropic shielding of the instrument by other instruments and materials on the LRO space
craft is also ignored. The equations for the two spheres are given by:

2
x2 + y 2 + z 2 = RM

(2.10)

(x − d)2 + y 2 + z 2 = r 2 .

(2.11)

Combining these equations and solving for x, yields x = R2 /d as the location of the circle of
intersection of the two spheres. Plugging this into either sphere equation gives the equation
p
2
/r 2 . The surface area of the spherical cap
for the circle, with radius given by: a = 1 − RM
of the field of view sphere created by this circle is given by: 2πrb = 2πr 2 (1 − sqrt1 − a2 /r 2 ).
The altitude correction factor is given by the half the surface area of the entire field of view
sphere (2πr 2 ) divided by the portion of the surface outside of the lunar sphere (given by
2
4πr 2 − 2πr 2 (1 − sqrt1 − a2 /r 2 )). Using a2 /r 2 = RM
/d2 and d = Rm + h, the formula for the

altitude correction factor becomes:

Fa =

1
1+

p

1 − (Rm /(Rm + h))2

,

(2.12)

where h is computed as the average altitude of LRO over the period of measurement. The
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Figure 2.16: Example of an LET spectrum of CRaTER data from Case et al. (2013) showing
enhancements approximately at the minimum ionizing energy of different elements as labelled
in the figure.
limits of this expression make sense as Fa goes to 1/2 as h goes to infinity, when the Moon
provides no shielding and goes to 1 as h goes to zero, when the sky is halfway blocked by
the Moon.
The third factor accounts for the fact that during major solar events, the rate of energetic
particle events may be too great for the CRaTER detectors to measure them all. A separate
mechanism in CRaTER counts the total number of events that occur each second prior to
their analysis, including those that are not measured by the detectors. To compensate for
the unmeasured events, the hourly dose rates are multiplied by the ratio of the total number
of events to the number of events actually measured. During times of normal activity, this
factor is always one. For the largest two events measured by CRaTER, which occurred in
January and March of 2012, this factor got as high as ∼ 22 and ∼ 24 respectively.
In addition to the published work shown here, I put in a significant amount of work
on developing the data products that now appear on the CRaTER website. In addition to
dose rate, the CRaTER website also provides an archive of LET spectra taken over different
times during the mission, which can be used to provide further insight into the composition
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of the observed radiation. Figure 2.16 shows an example of an LET spectrum generated from
CRaTER data that shows enhancements that approximately correspond to the minimumionizing energy of different elements. In Chapter 3, LET spectra are used to differentiate
between the radiation contribution of different ion species and used to better understand
discrepancies between modelled and measured dose rates. The CRaTER instrument also
contains a microdosimeter which has a higher level of shielding than the CRaTER SSDs
and provides an additional means of comparison to the CRaTER measurements as well as
modelled dose rates (Mazur et al., 2011).

2.4

The PREDICCS System and the EMMREM Radiation Model

Predictions of radiation from REleASE, EMMREM, and Data Incorporating CRaTER,
COSTEP, and other SEP measurements (PREDICCS) is an online system that provides
the scientific community with a near-real-time characterization of the radiation environment
of the heliosphere. PREDICCS utilizes energetic particle measurements together with particle transport modelling to produce data products at the Earth, Moon and Mars that
are updated hourly. The data products currently available on the PREDDICS website
((http://prediccs.sr.unh.edu/) include proton fluxes from 2.5 to 433 MeV as well as
dose and equivalent dose rates for both skin/eye and blood forming organ (BFO). Dose and
equivalent dose rates are computed for four different levels of shielding that correspond to
normal spacesuit, heavy spacesuit, spacecraft and heavy protective shielding. All of the data
products available on the website are computed using proton flux data from GOES satellites
which have been filtered for use as input into the Earth-Moon-Mars Radiation Environment
Module (EMMREM) which solves for the transport of the particles through the heliosphere
to the locations of interest and then computes the radiation hazard of the energetic particles. In Chapter 3, I demonstrate a validation of the PREDICCS system by comparing
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its modelled dose rates to those measured by the CRaTER instrument during three major
solar events that occurred in 2012 and discuss the strengths and weaknesses of the model in
assessing radiation hazards.
EMMREM is a radiation model designed to provide researchers with powerful and versatile tools for studying the radiation environment of the inner heliosphere (Schwadron et al.,
2010). Interplanetary particle flux spectra from a variety of instruments and simulations can
be used as input into the EMMREM, which then uses transport codes to populate the inner
heliosphere with energetic particles and provide radiation quantities such as dose, equivalent
dose, organ dose and effective dose at the Earth, Moon, Mars or any user-specified location
in interplanetary space. EMMREM can also test different radiation scenarios by computing
radiation quantities for different levels of shielding and is also capable of computing atmospheric dose rates as is demonstrated in Chapter 5. Because of its versatility, EMMREM
has the potential to be used in a variety of interesting ways to study energetic particles and
radiation in the inner heliosphere, improving understanding of not just how the particles are
transported and the resulting radiation effects, but also providing insight into their origins.
The EMMREM model is based on two primary components. The first is the Energetic
Particle Radiation Environment Module (EPREM) which solves for the transport and evolution of energetic particles as they propagate through the inner heliosphere. The second
is the Baryon Transport Module (BRYNTRN), which solves for the transport of protons
and their secondary particles through shielding of differing materials and thicknesses. By
utilizing these two modules together, EMMREM is able to compute the various dosimetric
quantities outlined above at various points of interest in the inner heliosphere. Additionally,
EMMREM incorporates an extension of the high energy transport code called HETC-HEDS
and the high-charge and energy transport computer program (HZETRN) to compute dose
lookup tables for the Earth and Mars atmospheres.
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Figure 2.17: Figure from Schwadron et al. (2010) showing a representation of the EPREM
grid, with nodes propagating outward from the sun along the magnetic field lines of a nominal Parker spiral. Observer connected field lines connecting to the Ulysses spacecraft are
highlighted in the plot.

2.4.1

Solving Particle Transport Using EPREM

The EPREM module uses energy spectrum, composition and angular distribution data input
from various spacecraft (ACE, SOHO, GOES, Mars Odyssey, Ulysses) and/or simulated data
provided by the user and computes acceleration and propagation of solar energetic particles
through the heliosphere. EPREM is capable of solving for the transport of particles with
energies ranging from 500 eV up to 1 GeV. This process involves propagating a series of
nodes outward from the Sun along magnetic field lines (taken to be a nominal Parker spiral)
at the solar wind speed and solving at each step for particle transport, adiabatic focusing
caused by large-scale spatial variations in the magnetic field, adiabatic cooling caused by the
expansion of the solar wind, convection by the solar wind, and wave-particle interactions such
as pitch angle scattering and stochastic acceleration. Figure 2.17 shows a representation of
the EPREM grid of nodes propagating outward from the Sun along magnetic field lines. The
focused transport equation that is used by EPREM to solve for transport and acceleration of
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energetic particles is based on the formalism of Kóta et al. (2005). The equation is a version
of the field-aligned focused transport equation used by Skilling (1971) and Ruffolo (1995),
that has been modified by Kóta et al. (2005) to be in a frame that co-moves with the solar
wind and using coefficients that can be computed along the nodes that also propagate out
with the solar wind. The focused transport equation is used to update the distribution at
each time step and each node. EPREM also handles cross-field diffusion and drift separately
using the convection-diffusion equation at the end of each time step.

2.4.2

Computing Dosimetric Quantities Using BRYNTRN, HZETRN
and HETC-HEDS

As previously stated, the BRNTRN module is used to take the output of EPREM and solve
for the transport of protons and secondary neutrons through shielding of various thicknesses
and solve for dosimetric quantities in various materials including different human tissue types,
organs, etc. At each time step, as the particles propagate through the shielding material,
BRYNTRN solves the Boltzmann equation for protons and neutrons (Wilson et al., 1988):

h∂
i
XZ ∞
∂
−
S(E) + σp (E) φp (x, E) =
fpj (E, E ′ )φj (x, E ′ )dE ′
∂x ∂E
E
j
h∂
i
XZ ∞
+ σn (E) φn (x, E) =
fnj (E, E ′ )φj (x, E ′ )dE ′ , (2.13)
∂x
E
j
where φi (x, E) is the differential flux density for type i particles at x with energy E, S(E)
is the proton stopping power, σi (E) is the cross section for type i particles, fij (E, E ′ ) is the
differential cross section for elastic and non-elastic processes, where elastic collisions preserve
the kinetic energy of the penetrating particle and inelastic collisions involve the transfer of
kinetic energy to the material being traversed which can result in nuclear fragmentation
and the production of secondary particles. The main simplifying assumption applied is that
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all the particles propagate along a fixed direction, with all changes in energy being solved
accurately. At each time step, the code produces a snapshot of the transported particle
fluxes, including the protons input by EPREM and the secondaries produced within the
material as a result of nuclear collisions that cause fragmentation (Wilson et al., 1991).
BRYNTRN is able to solve for particle transport and compute dosimetric quantities quickly
enough to meet the near real-time requirements of the EMMREM model, using computerized
anatomical models and spacecraft levels of shielding.
In order to compute atmospheric radiation levels, EMMREM employs dose lookup tables
generated by the HETC-HEDS and HZETRN codes. In Chapter 5, these dose tables are used
to compute GCR dose rates in the Earth and Mars atmospheres over the course of the LRO
mission. The HETC-HEDS code was used to solve for the transport of energetic particles
in three dimensions through Earth’s atmosphere, incorporating incident ions ranging from
hydrogen to iron. It utilizes the Monte Carlo method, which uses repeated random sampling,
aggregates the results and determines the average outcomes. Basically, the code transports
the particles through the material, solving for the relevant production cross sections and
taking random samples of the fragments produced in the collisions (Heinbockel et al., 2009).
By iterating over these processes and taking averages, the approximate dose deposited can
be computed at each depth in the material. In addition to the primary ions ranging from
hydrogen to iron accounted for in the creation of these dose tables, HETC-HEDS accounts
for secondary neutrons, pions, and muons, with all particle energy losses being deposited
locally at the site of the collision. Additionally, Π0 particles are not transported in the
model, with all their energy being deposited locally at the site of their production.
The HZETRN code, was used to solve for the transport of GCRs and secondary neutrons
through the Mars atmosphere. As described by Wilson et al. (1995), HZETRN is similar
to BRNTRN in that it solves the Boltzmann equation along a series of time steps as the
particles are transported through a given material. The use of lookup tables is necessary
for the calculation of atmospheric doses, due to the time intensive nature of solving for
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the transport of incident particles and secondary deep into planetary atmospheres. Dose
tables enable the quick calculation of the dose deposited at each altitude in the planetary
atmosphere given an incident flux of a given ion species.

2.5

The state of radiation risk assessment during the
Apollo era

In order to illustrate how far the scientific community has come in terms of understanding the
radiation hazards in interplanetary space and the ability to measure them, it is worthwhile
to provide a brief discussion of the scientific understanding of the interplanetary radiation
environment during the Apollo era, which marked the first time a manned spacecraft had
passed beyond the protection of the Earth’s magnetosphere with the Apollo 8 mission at
the end of 1968. Incredibly, though they were aware of the presence of energetic particles
in interplanetary space, those involved in the planning of the mission, and of course the
astronauts themselves, had no way of knowing what the radiation effects would be once they
escaped Earth’s orbit. While the radiation effects of electrons and gamma rays emitted by
radioactive particles had been extensively studied, very little was known about the hazardous
effects of energetic particles at the time (Comstock et al., 1971).
An early attempt to study the radiation hazard of interplanetary space involved equipping
the astronauts of the Apollo 8 and 12 mission with helmets made out of a specially designed
plastic that recorded the tracks of heavy ions as they passed through the helmets (Fleischer,
1970; Comstock et al., 1971). Images of these tracks, as well as one of the helmets are shown in
Figure 2.18. Using the work done by Price et al. (1969), which demonstrated that these tracks
could be used to identify GCR heavy ion species and comparing to a helmet that had been
exposed to GCRs on a high-altitude balloon, Comstock et al. (1971) estimated the fraction
of brain cells that would have been destroyed during the Apollo 12 mission as the result of
heavy ion GCR radiation using simplified calculations and assumptions based on the very
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Figure 2.18: Images of the tracks created by heavy ion GCRs as they passed through helmets
specially designed to measure these particles, as well as a picture of the helmet worn during
the Apollo 8 mission. The tracks in the helmets were copied with silicone, which was then
coated in gold so that it could be photographed by stereomicroscopes. This figure is from
Fleischer (1970).
limited biological data available. The data obtained using these methods was crude compared
to what is now available from instruments such as CRaTER, and because there was little
understanding of the effect of heavy ion radiation on humans, they were unable to interpret
their results in any meaningful way that could assess the potential hazard of such missions.
This stands in contrast to the numerous metrics and standards that have been developed over
the years to evaluate radiation hazards which are available today. Additionally, their analysis
completely neglected the influence of protons, which are now known to be responsible for
approximately 50% of the dose deposited by GCRs (Schwadron et al., 2012).
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Another early attempt to better understand GCR radiation came as a result of observation of flashes of light by Apollo astronauts when the spacecraft was dark. The astronauts
on these missions reported seeing these flashes whether they kept their eyes open or closed.
In particular, Apollo 12 commander Charles Conrad commented on seeing “big bright ones
all over,” but noted that he had not seen them during two previous Gemini missions that
had orbited the Earth (Pinsky et al., 1974). This is likely due to shielding provided by
the Earth’s magnetosphere during the Gemini missions, though astronauts have reported
seeing these light flashes while aboard the International Space Station (ISS) (Cucinotta et
al., 2001). Though it was correctly hypothesized at the time that these light flashed were
the result of heavy ion GCRs penetrating the eye, there was no available proof, and further
study was needed to confirm this theory. This phenomenon was of such interest to the scientific community that a full hour of the Apollo 14 mission was dedicated to the astronauts
observing the light flashes and reporting what they saw.
The Apollo Light Flash Moving Emulsion Detector (ALFMED) was designed to record
the tracks of GCRs to record the time that the particles passed through the detector, so
that it could be determined if the particle measurements synched with the observation of
light flashes by the astronauts. The detector was fit over the eyes of the astronauts and
consisted of pairs of plates that would trace the trajectory of the GCRs as they passed
through. Because one of the plates would slowly move across the other at a known speed,
the tracks could later be lined up and used to compute the time that the particle passed
through the detector. Figure 2.19 shows a schematic of how this process works. Using
this method, Pinsky et al. (1975) was able to confirm that the observed light flashes were
the result of GCRs penetrating through the eyes of the astronauts as the flashes could
be synched with the passage of energetic particles through the plates. The light flashes
observed by the astronauts were due to Cherenkov radiation, which occurs when charged
particles pass through a dielectric material at speed greater than the phase velocity of light
in that medium (Fuglesang et al., 2006). While this study was useful in that it confirmed
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Figure 2.19: Schematic of the Apollo Light Flash Moving Emulsion Detector (ALFMED),
showing how GCRs passed through the detector. The detector consisted of pairs of plates
that tracked the trajectory of GCRs. Since one plate moved at a fixed rate relative to the
other, the tracks could later be lined up and used to determine the time that the particle
passed through the detector. This figure is from Pinsky et al. (1975).
the origin of these observed light flashes, it revealed nothing about the potential harmfulness
of this radiation.
From this discussion of techniques used during the Apollo to assess radiation hazards, it
is clear that there has been a great deal of progress in this field of study in the intervening
years. While the techniques used at the time were impressive in how much they were able
to reveal using limited technology, the data they recovered was of little use in evaluating
the radiation hazard that the Apollo astronauts were exposed to. They were particularly
hindered by the lack of data on the biological effects of energetic particle radiation on humans
and thus ill equipped to interpret their data in a meaningful way that would quantify the
risk facing the astronauts on these missions. It is clear that the scientific community now
has much better tools for radiation risk assessment, with improved measurements such as
those provided by CRaTER, extensive modelling like that produced by EMMREM, and
vastly improved understanding of the biological effects of radiation which have enabled the
development of detailed radiation metrics that enable radiation hazards to be assessed in a
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meaningful way.
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Chapter 3
Validation of PREDICCS
Throughout this body of work, the EMMREM model is utilized to extend in situ radiation measurements to domains where measurements are not available, thereby facilitating
a relatively comprehensive characterization of the Earth-Moon-Mars radiation environment.
Because EMMREM is so critical to this work, validation is an essential step that provides the
foundation for all of the modelling that is to follow. PREDICCS is an online system that uses
EMMREM to model the transport of energetic particles through the heliosphere and provide
radiation data at the Earth, Moon and Mars. These data are updated hourly and provided
to the scientific community on the PREDICCS website (http://prediccs.sr.unh.edu/).
Using direct measurements to validate PREDIICS data lends credibility to the modelling
capabilities of EMMREM and paves the way for its future use in radiation studies and for
potential use in risk assessment efforts for the planning of future manned space missions.
The CRaTER instrument, designed to measure energetic particles and characterize the lunar radiation environment as a part of the LRO mission, provides an excellent resource of
measurements that can be used to evaluate the accuracy of PREDICCS and determine its
shortcomings.
In this chapter, I provide an overview of the work done by Joyce et al. (2013) to validate PREDICCS, which involved comparing CRaTER and PREDICCS dose rates during
three major solar events that occurred in January, March, and May of 2012, evaluating the
level of agreement and pointing out the discrepancies between the model and measurements.
In addition, accumulated doses are computed for both PREDICCS and CRaTER for each
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event and are compared with each other as well as to NASA Permissible Exposure Limits
(PELs) (Cucinotta et al., 2010) in order to demonstrate the relative radiation hazard of each
event. Radiation measurements made by the CRaTER microdosimeter are also provided
as an additional source of comparison. Finally, in order to investigate possible causes for
discrepancies between CRaTER and PREDICCS, ACE flux data and CRaTER linear energy transfer (LET) spectra are used in order to determine if compositional differences in
the measured radiation may have an effect on the observed agreement between model and
measurement.
The critical questions I attempt to answer in this chapter are: how well do the dose rates
modelled by PREDICCS match those measured by CRaTER? how accurate is PREDICCS
in modelling the total accumulated dose for each event? and how significant is the radiation
hazard for each event?

3.1

PREDICCS/CRaTER Comparison During SEP Events

This section features a comparison between the dose rates measured by CRaTER to those
computed by PREDICCS for three major SEP events in 2012, occurring in January, March,
and May. For the purposes of this work, an event is defined as an extended period with dose
rates elevated significantly above the normal background dose rate associated with GCRs,
where a single event may consist of multiple peaks in the dose rate associated with the
passage of separate ICMEs. For this comparison, I use the combined D1-D2 CRaTER dose
rate described in Section 2.3 and the PREDICCS dose rates for 1.0 g/cm2 H2 O which is a
proxy for skin and eye dose, shielded by 0.3 g/cm2 aluminum which is a proxy for spacesuit.
This configuration is the closest analogue to the CRaTER detectors available and should have
the best agreement with the CRaTER dose rates. For the sake of comparison, PREDICCS
dose rates are also shown for three other levels of shielding (1.0 g/cm2 , corresponding to the
shielding of a heavy spacesuit, 5.0 g/cm2 , corresponding to the average shielding provided by
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a manned spacecraft, and 10.0 g/cm2 which corresponds to heavy protective shielding such
as may be used in a section of the spacecraft used as a shelter for crewmembers during SEP
events to reduce radiation exposure). The PREDICCS data shown here has been computed
using GOES data that has been filtered for use by EMMREM to compute dose rates at the
Moon. Also shown is the dose rate for each event as measured by the microdosimeter within
CRaTER, which is shielded by approximately 0.89 g/cm2 on one side of the instrument and
2.28 g/cm2 on the other (Mazur et al., 2011). It can therefore reasonably be expected that
the microdosimeter dose rates will fall somewhere between the PREDICCS dose rates for
shielding of 1.0 g/cm2 and 5.0 g/cm2 .
In addition, the total dose accumulated during each event is computed for both the
CRaTER and PREDICCS dose rates, as well as the CRaTER microdosimeter. These accumulated doses are calculated by multiplying the dose rate at each data point by the time step
between it and the previous data point. In the accumulated dose plots, the NASA 30-day
dose limits derived from PELs for skin (150 cGy) and eye/lens (100 cGy) are included in order
to provide a sense of the threat each event could pose to spacecraft crewmembers (Cucinotta
et al., 2010). The higher levels of shielding are also plotted and serve to demonstrate the
importance of shielding in reducing radiation exposure. The periods shown contain three
data gaps, one for CRaTER and two for PREDICCS. To account for missing data in the
calculation of accumulated doses, data values within the data gap are computed using an
exponential function that connects the data values on either side of the gap, which appears
as a straight line in the log scale dose rate plots. In each case the data gap is referenced in
the figure captions.
I have also provided an additional improvement to the radiation plots that was not present
in the original figures presented by Joyce et al. (2013). Currently, PREDICCS is set up to
compute the dose deposited only by protons and their secondaries. Because the radiation
observed during SEP events is dominated almost completely by protons, it can be expected
that will have little impact on the ability of PREDICCS to model dose rates during times
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of highly elevated solar activity. However, for GCRs, protons are responsible for only about
half the absorbed dose (Schwadron et al., 2012), and it is therefore expected that PREDICCS
will significantly underestimate the dose rate during quiet times when GCRs dominate the
radiation environment. In Joyce et al. (2013), it was demonstrated how this can be corrected
for by using CRaTER measurements before and after each event to estimate the modulation
potential of GCRs and used it to compute the background GCR dose rate for each event.
The exact methods used to accomplish this will be described in detail in Chapter 5. In
compiling this study, however, it seemed to make more sense to take half of the computed
background dose rate (contributed by non-proton GCRs and computed separately for each
level of shielding) and add it to the dose rates modelled by PREDICCS. Using this method
of correction, I find that PREDICCS agrees more closely with the measured dose rates before
and after the event, as well as for the declining periods of the event where the dose rates
modelled by PREDICCS become comparable to the background level. For reference the
modulation potentials for the January, March and May events are 725, 775 and 800 MV,
respectively.

3.1.1

January SEP Event

The January 2012 SEP event lasted approximately 13 days, spanning January 23 to February
3 and reaching observed gray-equivalent dose rates of up to ∼223 cGy-Eq/day. Figure 3.8
shows the dose rates measured by CRaTER and modelled by PREDICCS during this event.
There is excellent agreement between CRaTER and PREDICCS at the two peaks of the
event, however PREDICCS seems to underestimate the dose rate immediately after the
peaks, dropping off much more rapidly than the measured dose rate. The PREDICCS dose
rates for higher levels of shielding are also shown in the plot and, as expected, the CRaTER
data are closest to the modelled dose rate with 0.3 g/cm2 shielding. The microdosimeter dose
rate reaches dose rates as high as ∼3.29 cGy-Eq/day, falling between the peak PREDICCS
dose rates for 1.0 and 5.0 g/cm2 shielding as would be expected given its shielding conditions.
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Figure 3.1: Gray-equivalent dose rates during January 2012 SEP event. Shown are the
CRaTER D1-D2 dose rate, PREDICCS dose rates for various levels of shielding, and the
microdosimeter dose rate. There is very good agreement between CRaTER and the analogous 0.3 g/cm2 shielded PREDICCS dose rate at the peaks of event, however during the
period following the peaks, PREDICCS falls off much more rapidly than CRaTER. The
microdosimeter falls between PREDICCS dose rates for 1.0 and 5.0 g/cm2 shielding which
could be expected given its level of shielding (0.89/2.28 g/cm2). There is a data gap present
in the PREDICCS data spanning the entirety of DOY 31.
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The accumulated gray-equivalent doses for CRaTER and PREDICCS for the January
event are shown in Figure 3.2. For this event, CRaTER measures a total dose of 277 cGyEq, which is comparable, though somewhat smaller, than the Halloween Storms of 2003, for
which EMMREM computed a total accumulated dose of approximately 400 cGy-Eq for the
same tissue type and shielding level (Schwadron et al., 2010). For this event PREDICCS
significantly underestimates the total dose accumulated, predicting a dose of 177 cGy, which
will be further discussed in Secions 3.2 and 3.3. The CRaTER accumulated dose exceeds
the 30 day limits for both lens and skin dose. Also shown in the plot are accumulated
doses calculated by PREDICCS for the higher levels of shielding, which demonstrates the
importance of shielding in reducing radiation exposure for SEP events, with heavy protective
shielding reducing the dose by more than 50% relative to the dose for normal spacecraft
shielding. The microdosimeter measures a total dose of 3.58 cGy-Eq for the event, which
falls between the PREDICCS dose for the appropriate levels of shielding, similar to the peak
microdosimeter dose rate.

3.1.2

March SEP Event

The March 2012 SEP event lasted approximately 13 days, spanning from March 5 to March
18 and reaching observed gray-equivalent dose rates of up to ∼168 cGy-Eq/day. Figure 3.3
shows the dose rates measured by CRaTER and modelled by PREDICCS. During this event,
there is good agreement between CRaTER and PREDICCS, particularly at the first peak
where the agreement is very close. Following the first peak, the drop-off in the PREDICCS
dose rate is less steep than in the previous event, with PREDICCS not dropping significantly
below CRaTER until roughly 1 day before the second peak. The second peak is underestimated somewhat by PREDICCS and the steep drop off following it is similar to what was
seen in the first event. The microdosimeter shows dose rates closer to the 5.0 g/cm2 than the
1.0 g/cm2 shielded PREDICCS dose rates and reaches dose rates as high as 11.5 cGy-Eq/day.
The doses accumulated for CRaTER and PREDICCS during the March event are shown
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Figure 3.2: Accumulated dose during January 2012 SEP event. Shown are the CRaTER
D1-D2 accumulated dose, PREDICCS doses for various levels of shielding, and the microdosimeter dose. The NASA 30-day exposure limits for skin and eye are also shown. The
CRaTER and PREDICCS doses for spacesuit shielding both exceed the limits for skin and
eye, however the CRaTER dose is significantly underestimated by PREDICCS. The microdosimeter dose falls between the PREDICCS doses for 1.0 and 5.0 g/cm2 shielding as
expected.
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Figure 3.3: Dose rates during March 2012 SEP event. Shown are the CRaTER D1-D2 dose
rate, PREDICCS dose rates for various levels of shielding, and the microdosimeter dose rate.
For this event, there is excellent agreement between CRaTER and the analogous PREDICCS
dose rate during the first peak and much less of a drop off of PREDICCS relative to CRaTER
following the peak than in the January event. For the second peak, the agreement is much
closer to what was observed in the January event, with a larger discrepancy at the peak and
a more rapid drop off by PREDICCS. During this event, the microdosimeter dose rate is
closer to the PREDICCS 5.0 g/cm2 shielding than the 1.0 g/cm2 shielding.
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Figure 3.4: Accumulated dose during March 2012 SEP event. Shown are the CRaTER D1-D2
accumulated dose, PREDICCS doses for various levels of shielding, and the microdosimeter
dose. The NASA 30-day exposure limits for skin and eye are also shown. There is excellent
agreement between CRaTER and the analogous PREDICCS accumulated dose, with both
doses exceeding the 30 day limits for skin and eye. For this event the microdosimeter records
a dose slightly less than that of the 5.0 g/cm2 shielded PREDICCS dose.
in Figure 3.4. For this event, CRaTER and PREDICCS are in much closer agreement, with
both doses exceeding the NASA limits for skin and eye. The PREDICCS doses for higher
levels of shielding are once again plotted and demonstrate that, for this event, higher levels
of shielding do not reduce the dose quite as much as before, being only as much as a factor
of ∼ 24 lower than for the level of shielding The reason for this is that that the March
event is known to have a harder spectrum relative to the January event (i.e. an increased
proportion of high energy particles) and as previously discussed, shielding is less effective for
higher energy particles and in some cases can actually result in a higher dose deposited due
to the increased production of secondaries by higher energy particles. The microdosimeter
measures a total dose of 17.3 cGy-Eq for the event, falling between the PREDICCS 1.0 g/cm2
and 5.0 g/cm2 doses.
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3.1.3

May SEP Event

The May 17 SEP event lasted approximately 4 days, spanning May 17-21, and reached observed gray-equivalent dose rates as high as ∼12.1 cGy-Eq/day. This event differs from the
previous two events in that it is shorter and contains only one peak with dose rates comparable to the lesser second peaks of the first two events. Figure 3.5 shows the dose rates
measured by CRaTER and modelled by PREDICCS. At the very peak of the event, the
agreement between CRaTER and PREDICCS is very good, although the familiar drop off
once again appears as PREDICCS begins to underestimate the dose rate following the peak.
The microdosimeter reaches a maximum dose rate of ∼1.36 cGy-Eq/day. It is interesting
to note that for all three of these events, the dose rate measured by the microdosimeter
during the event is much lower than the dose rate measured by CRaTER, however during
the quiet times before and after the event, when the radiation is dominated by GCRs, the
microdosimeter dose rate is significantly higher. The most likely cause of this is that the
microdosimeter has a relatively high level of shielding compared to the CRaTER detectors
and it is thus measuring an increased level of secondaries produced by high energy GCRs
as they pass through the shielding surrounding it. Because the level of shielding for the
microdosimeter is much closer to the level of shielding provided by a spacecraft than the
CRaTER detectors, this may have important implications for risk assessment efforts for future manned space missions, since astronauts spend the majority of the mission within the
spacecraft and may be exposed to a higher level of radiation than was previously appreciated. In a future study, I hope to use comparisons between CRaTER and microdosimeter
measurements during quiet times to explore this effect.
Figure 3.6 shows the total dose accumulation for the May 17 event, which, being the
shortest event and having only one smaller peak, produces much lower total doses. For this
event, CRaTER accumulates a total dose of 5.42 cGy-Eq, nearly a factor of 20 lower than
the 30 day lens limit, while the analogous PREDICCS prediction underestimates the dose
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Figure 3.5: Dose rates during May 2012 SEP event. Shown are the CRaTER D1-D2 dose
rate, PREDICCS dose rates for various levels of shielding, and the microdosimeter dose rate.
The event is much smaller and shorter than the earlier events and contains only one peak.
The agreement between CRaTER and the 0.3 g/cm2 PREDICCS dose rate is similar to what
is seen in previous events, with the peaks matching nicely, but with PREDICCS dropping
of more rapidly afterward than CRaTER. The peak microdosimeter dose rate for this event
is lower even than the most heavily shielded PREDICCS dose rate for this event. There is a
data gap in the CRaTER data during DOY 138 extending from 04:00 UT to the end of the
day, as well as a PREDICCS data gap spanning the entirety of DOY 140.
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Figure 3.6: Accumulated dose during May 2012 SEP event. Shown are the CRaTER D1-D2
accumulated dose, PREDICCS doses for various levels of shielding, and the microdosimeter
dose. The NASA 30-day exposure limits for skin and eye are also shown. Due to the small
size of the event neither CRaTER nor the analogous PREDICCS accumulated dose approach
the 30 day limits for skin or eye dose. PREDICCS somewhat underestimates the dose for this
event and the microdosimeter once again accumulates a dose falling between the PREDICS
5.0 g/cm2 and 10.0 g/cm2 levels of shielding.
at 3.99 cGy-Eq. The total dose for this event is much closer to the June 8, 2011 event,
which accumulated total doses of ∼3 cGy-Eq (Schwadron et al., 2011), than to the much
larger Halloween event of 2003. The microdosimeter records a total dose of 0.796 cGy for
this event, falling slightly below the PREDICCS dose for 5.0 g/cm2 shielding.

3.2

Discussion of CRaTER/PREDICCS Discrepancies
During Events

For each event, a period is observed following the peak in the dose rates in which PREDICCS
substantially underestimates the dose rate measured by CRaTER. In this section, I explore
potential explanations for these differences. The January event in particular contains the
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Figure 3.7: Plot of the CRaTER and PREDICCS dose rates during the January event
alongside the ratio of CNO to H fluxes as measured by the SIS instrument on the ACE
spacecraft. The ratio remains relatively constant during the event which indicates that
heavy ions are not responsible for CRaTER/PREDICCS dose rate discrepancies.
longest period of disagreement following its first peak (spanning approximately DOY 25-27)
that is seen in any of the events and as such, I focus on this period in particular to learn
about possible causes for this discrepancy between CRaTER and PREDICCS.
The PREDICCS dose rates shown here are computed using only dose contributions of
protons, so the possibility exists that such periods of disagreement may be caused by an
increase in the influence of heavy ions which are not accounted for by the PREDICCS model.
Figure 3.7 shows the CRaTER and PREDICCS dose rates plotted alongside the ratio of CNO
to H fluxes as measured by the SIS instrument aboard the ACE spacecraft. If heavy ions
were the cause of the observed discrepancies, it would be expected that during these periods
of discrepancy, their flux would increase relative to that of protons. However, this ratio
in fact remains relatively constant throughout the event and it can thus be concluded that
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Figure 3.8: Plot of the CRaTER LET spectrum for the January event. The dotted lines
indicate the minimum ionizing energy for hydrogen and helium ions. Lower energy or “slow”
particles deposit more energy into the detectors and therefore appear at a correspondingly
higher LETs in the spectrum, thus the arrows show the region where these lower energys
ions fall in LET space.
heavy ions are not likely to be the cause of disagreement.
In order to further investigate the effects of compositional differences on the observed
discrepancy, linear energy transfer (LET) spectra are computed from CRaTER data according to the methods described by Case et al. (2013). LET spectra are described in more
detail in Section 2.3. Figure 3.8 shows the LET spectrum for the January event, with the
LET values corresponding to the minimum ionizing energies of hydrogen and helium ions
indicated by dotted lines on the plot. As described in Section 2.1, these minimum ionizing
energies are deposited by relatively high energy particles, which deposit only a very small
portion of their kinetic energy in the detectors as they pass through a material, however
lower energy or “slow” particles are more easily hampered by shielding and deposit a signif63
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Figure 3.9: Plot of the LET spectrum for the period during the January event when the
disagreement between the CRaTER and PREDICCS dose rates was greatest, which spanned
from DOY 25 to nearly the end of DOY 27. When compared to the LET spectrum of the
event as a whole (Figure 3.8), this period contains a significantly higher proportion of “slow”
protons.
icant amount or in some case all of their kinetic energy as they pass through a material. For
this reason, the LET spectra is marked with arrows which indicate the approximate range
of LET values that can be measured for the given ion species, extending from the minimum
ionizing particles to the lower energy particles that transfer much of their energy to the detector. Figure 3.9 shows the LET spectrum for the period of discrepancy following the first
peak in the January event, which extended from DOY 25 to nearly the end of DOY 27 and
which showed the greatest disparity between the modelled and measured dose rates. When
compared with the spectrum of event as a whole, the spectrum period of disagreement shows
a higher abundance of particles measured in the LET range associated with “slow” protons.
In order to more clearly demonstrate the difference between the two spectra, I plot ratio
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of the LET spectra taken over the period of the discrepancy to the spectrum of the event as a
whole as shown in Figure 3.10 Though the statistics become unreliable as the LET increases,
there is clearly a region of enhanced flux with reasonable statistics spanning LET from
approximately 0.3-2.0 kev/µm, most of which falls within the approximate range associated
with “slow” protons and possibly extending somewhat into the range associated with helium
ions, with the peak fluxes occurring at about 1 kev/µ, which corresponds to a proton energy
of ∼1 MeV. As stated in Section 2.1, the energy deposited by high energy particles is well
described by the Bethe formula, however corrections derived from experimental results are
needed to account for the effects of low energy particles. As a result, it is known that the
BRYNTRN model struggles to solve for the dose contributions of particles with energies
this low (Wilson et al., 1988). Though they are not shown for the sake of brevity, similar
characteristics are observed for the LET spectra of the period following the second peak
in the January events and for the corresponding periods of discrepancy in the March and
May events. Given this, it therefore seems reasonable to conclude that the most likely
cause of disagreement between CRaTER and PREDICCS is that PREDICCS is not properly
accounting for the radiation contribution of low energy protons.

3.3

Validation Summary

In this chapter I have described the radiation conditions during three major SEP events
occurring during 2012. For each event, the dose rates as measured by CRaTER and predicted
by PREDICCS are compared in order to verify the viability of the PREDICCS system for
modeling radiation in the inner heliosphere. In each case, PREDICCS is found to model
the peak dose rates and cumulative doses for the event to a reasonable degree of accuracy,
however it is also shown that during the periods following the peak of each event, the
PREDICCS dose rate drops off more rapidly than the dose rates measured by CRaTER. This
discrepancy is likely due to the inherent limitations of the EMMREM radiation transport
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Figure 3.10: Plot of the ratio of the LET spectra of the period in the January event showing
the greatest CRaTER/PREDICCS discrepancy to that of the entire event, i.e. the ratio of
the LET spectra of Figure 3.9 to that of Figure 3.8. This plot makes it clear see that the
period of largest discrepancy contains a higher proportion of “slow” protons than the event
as a whole. Because BYNTRN is not well equipped to compute the dose contribution of
particles with energies this low, it is reasonable to assume that these particles are the cause
of the periods of discrepancy observed during the declining periods following the peaks of
SEP events.
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Dose Rate (cGy-Eq/day)
CRaTER (s=0.22)
PREDICCS (s=0.3)
PREDICCS (s=1.0)
PREDICCS (s=5.0)
PREDICCS (s=10.0)
PREDICCS/CRaTER % Difference
Microdosimeter (s=0.89/2.28)
Accumulated Dose (cGy-Eq)
CRaTER (s=0.22)
PREDICCS (s=0.3)
PREDICCS (s=1.0)
PREDICCS (s=5.0)
PREDICCS (s=10.0)
PREDICCS/CRaTER % Difference
Microdosimeter (s=0.89/2.28)

January March
May
223
168
12.1
140
166
13.9
50.6
86.1
9.24
2.58
15.9
4.05
1.46
8.21
2.90
-37.2% -1.19% 14.9%
3.29
11.5
1.36
January March
May
277
206
5.42
177
228
3.99
69.4
127
2.72
2.63
19.9
1.02
1.20
9.56
0.692
-36.1% 10.7% -26.4%
5.37
17.3
0.796

Table 3.1: Peak dose rates and accumulated doses for CRaTER, the microdosimeter and
PREDICCS for various levels of shielding. The percent difference between CRaTER and
PREDICCS for the most comparable level of shielding (0.3 g/cm2 ) is shown to demonstrate
the accuracy of PREDICCS in predicting the total dose accumulated for each event. For
these three events PREDICCS underestimates the accumulated dose by as much 36% and
overestimates it by as much as 11%. Similarly, the peak dose rates are underestimated by
as much as 37% and overestimated by as much as 15%.
model, which is a one dimensional model that only incorporates protons into the calculation
of dose. Using LET spectra, it was demonstrated in Section 3.2 that the most likely cause of
the disparity between CRaTER and PREDICCS dose rates is that PREDICCS does a poor
job of taking into account low energy protons.
In addition, the total dose accumulated during each event for CRaTER, PREDICCS, and
the microdosimeter is shown to evaluate the accuracy of PREDICCS and to demonstrate the
radiation hazard of each event by comparing to NASA 30-day dose limits. The accumulated
doses for each event as well as the percent difference between PREDICCS and CRaTER
are shown in Table 3.1. Based on these three events, the dose accumulated by PREDICCS
underestimates the dose measured by CRaTER by 17% on average, which falls within the
30% uncertainty limit recommended by the ICRU (ICRU Report 84, 2010), though this limit
is exceeded somewhat for the January event. Based on these results and the analysis of the
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periods of discrepancy shown in Section 3.2, it is clear that PREDICCS has more difficulty
in modelling soft spectrum events such as January which possess a higher abundance of
low energy particles that are difficult to model. Another potential explanation for the fact
that PREDICCS seems to consistently underestimate the total accumulated dose, with the
notable exception of the March event, is that the PREDICCS dose used here for comparison
has a level of shielding that is 36% higher than that of the CRaTER measurements. While
this may seem like a small difference, given the level of reduction in dose between the 0.3
and 1.0 g/cm2 levels of shielding, it is possible that this shielding difference is significant.
The most likely reason the agreement between the model and measurements for the March
event is different, is because it had a much harder spectrum than the other events and
thus increased shielding is less effective in reducing the radiation exposure as can be seen
in Figure 3.4. Increased production of secondary particles in the higher level of shielding
may partially be responsible for the modelled overestimation of the total dose for the March
event. In the future, I would like to perform additional modelling to see how much this
difference of shielding affects the observed agreement between CRaTER and PREDICCS.
Despite these discrepancies, PREDICCS is found to be reasonable accurate in describing the
radiation exposure of SEP events.
Based on the results described here, it can be concluded that PREDICCS provides a
credible time-dependent account of the radiation conditions of the inner heliosphere, which
may be of great value to future research efforts and in the planning of future missions. The
work in this chapter demonstrates the first multi-event validation of radiation environment
models (e.g., EMMREM) using observations of SEP events from LRO/CRaTER that occurred over a period of five months in 2012. The radiation dose rates shown here are in
good agreement with observations, which paves the way for their use in a broad array of
applications for situational awareness and research, and lays the foundation for the rest of
the work that will be shown in the chapters to follow.
The analysis shown here demonstrates how beneficial PREDICCS may be in risk assess68

ment for future missions by showing how different levels of shielding can reduce radiation exposure to astronauts. While the spacesuit level of shielding that is modelled by PREDICCS is
useful for comparison to the CRaTER measurements and for providing data for the complete
range of conditions experienced by astronauts, it is important to remember that astronauts
caught in a solar storm would most likely wait the event out in a section of the spacecraft
that provides extra protective shielding. Based on the results shown in Table 3.1 astronauts
with the benefit of such heavy protective shielding would not be exposed to levels of radiation that would approach the 30-day dose limits imposed by NASA for any of these three
events. As would be expected, the May event is the least dangerous since it was significantly
shorter than the other two events, contained only one peak, and had a much lower peak dose
rate. Since the accumulated dose for the heaviest level of shielding for the March event is
almost a factor of ten greater than that of the January event, it is reasonable to conclude
that it was the most dangerous of the three events in terms of its radiation hazard, which is
primarily due to the proportionally higher abundance of high energy particles for the March
event. The relatively high dose rate for heavy levels of shielding for the March event demonstrate the importance of the hardness of the spectrum in determining the radiation hazard
of the event, since, as previously discussed in Section 2.1, high energy particles more easily
penetrate shielding and can actually become more dangerous with higher levels of shielding
due to the production of secondaries in the shielding material.
Some of the most interesting data shown in this chapter occurs during the periods of
discrepancy following the event peaks that have been examined here, and in the future I
hope to provide a more in-depth study of these declining periods. Particularly for the periods
following the first peaks of the January and especially the March event, there is a steep decline
of the dose rate that is then abruptly interrupted and the decline slowed significantly. At this
time, it seems that these periods are due to particles which are propagating backward from
the ICME after it has passed the spacecraft and propagated beyond 1 AU, however it would
be very interesting to provide a more detailed diagnostic of the particles measured during this
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period. As shown by the LET spectra in Section 3.2, it is possible to separate out different
particles species based on their measured LET and it would therefore be interesting to use
this to separate out the dose contribution for high energy protons, low energy protons and
helium ions. It would also be interesting to look at the anisotropy of the particles measured
during the event and see how the degree of anisotropy changes throughout the event. For
a separate publication, not included in this body of work, I have developed a method for
measuring SEP anisotropies using CRaTER data where the Moon acts as a beam stop, and
it would be interesting to apply this method to these events and see what can be learned
from it. For example, it would be expected that the particles propagating backward after
the passage of the ICME would be highly isotropic due to repeated scattering at the shock
front and thus measurements of the particle anisotropy would be useful in characterizing the
observed radiation. I could also again use the LET to separate the particles by species and,
for example, see how the anisotropy of high energy protons evolves throughout each event
compares to the anisotropy of low energy protons.
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Chapter 4
Analysis of the Radiation Hazard of
the 2012 STEREO A ICME Event
On 23 July 2012, an unusually fast and powerful interplanetary coronal mass ejection (ICME)
was observed in-situ by the Solar TErrestrial RElations Observatory Ahead (STEREO A)
spacecraft (Kaiser et al., 2008). The ICME reached a record speed of 2780 km/s and possessed
an exceptionally strong magnetic field of 109 nT at maximum (Russell et al., 2013). Because
of its exceptional size and speed, this event drew many initial comparisons to the historic
Carrington event, which represents a sort of benchmark for the worst case scenario of an
ICME reaching the Earth and creating a major geomagnetic storm. Russell et al. (2013)
provided an analysis of the magnetic field, plasma and energetic particle conditions during
this event, finding that the extremely high pressures exerted by the energetic particles within
the ICME served to alter the plasma conditions in such a way as to produce a subsonic
interaction with slow-mode leading bow waves. Russell et al. (2013) proposed that while this
effect could limit the potential harm caused by such an event encountering the Earth, the
strength and southward orientation of the magnetic field combined with the high speed of the
ICME would likely result in a powerful geomagnetic storm. This event has been the subject
of several subsequent studies, including those that model the propagation and arrival time of
the ICME (Liou et al., 2014; Temmer and Nitta, 2015), and those attempting to determine
the potential magnetospheric impact of the event had it been Earth-bound (Baker et al.,
2013; Ngwira et al., 2013).
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As discussed in Section 2.2.2, Solar energetic particles (SEPs) accelerated at the shock
fronts of ICMEs represent a significant radiation threat to astronauts in interplanetary space.
The 23 July 2012 event provides a unique opportunity to study the radiation impact of an
exceptionally powerful ICME. This chapter provides an overview of the work done by Joyce
et al. (2015) to analyze potential radiation hazard of this event had it encountered astronauts
during its transit through the heliosphere. Flux measurements of energetic protons ranging
from 1.8-100 MeV recorded by the Low Energy Telescope (LET) (Mewaldt et al., 2008) and
High Energy Telescope (HET) (Rosenvinge et al., 2008) instruments aboard STEREO A
during the event are utilized together with the Earth-Moon-Mars Radiation Environment
Module (EMMREM) (Schwadron et al., 2010) to produce time series of dose rates and
accumulated doses for skin/eye as well as blood forming organs (BFO). These dose rates
and accumulated doses are multiplied by the Relative Biological Effectiveness (RBE, 1.5 for
protons) (Townsend et al., 2013).
In Chapter 3, I provided a validation of the online PREDICCS system using CRaTER
measurements of three major SEP events that occurred in 2012 and demonstrated that while
it tended to underestimate the doses measured by CRaTER, it is still sufficiently accurate to
model the radiation hazard of major SEP events. Due to the difficulty in extrapolating the
energetic particle intensities measured by the HET instrument to a full field of view without
detailed information about the particle anisotropy, the radiation is assumed isotropic in the
calculations performed here, which may lead to an overestimation of the dose rate depending
on the degree of anisotropy along the nominal Parker spiral that the HET measures from.
This is also true for previous events that have been modeled using EMMREM with GOES
data as input. The dose rates shown here are computed for different levels of shielding and
are compared to NASA Permissible Exposure Limits (PELs) in order to gauge the potential
threat this event might have posed to astronauts (NASA Space Flight, 2007). A comparison
to three recent large SEP events is also provided in order to give a sense of the relative
severity of the event. For the purposes of this work, periods containing multiple peaks
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associated with different ICMEs and/or flares in close temporal proximity to one another,
for example the five peaks of the 2003 Halloween Storms, are considered to be part of a
single space weather event.
Finally, I provide an analysis of the longitudinal variation of the radiation impact of
this event using additional dose rate data computed at STEREO B and the Cosmic Ray
Telescope for the Effects of Radiation (CRaTER) (Spence et al., 2010) aboard the Lunar
Reconnaissance Orbiter (LRO) (Chin et al., 2007). During this event, STEREO A/B and
LRO were ideally positioned to show how the location of an observer relative to the ICME
affects the radiation conditions observed during a powerful solar event. Simulations of the
event performed by the Community Coordinated Modeling Center (CCMC) using the validated Wang-Sheeley-Arge-ENLIL+Cone model (Spence et al., 2004; Owens et al., 2005,
2008; Case et al., 2008) are shown to illustrate how the measured dose rates at the three
observers change as the ICME propagates outward from the Sun. WSA-ENLIL+Cone is
a large scale heliospheric model that combines a semi-empirical model of solar wind outflow near the Sun with a three dimensional magnetohydrodynamic numerical model that
simulates the propagation of this outflow into the heliosphere.
The key questions I will attempt to answer this chapter are: how dangerous would the
July 2012 event have been to astronauts in terms of its radiation hazard? how does this event
compare to previous major SEP events that have been studied with EMMREM? does this
event constitute a worst-case scenario for astronauts in interplanetary space? how effective
is shielding in reducing the radiation exposure from such an extreme event? and how does
the position of an observer relative to the outgoing ICME affect the observed radiation-time
profiles?
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4.1

Computed dose rates at STEREO A during the 23
July 2012 event and comparison to previous events

For this analysis, the Baryon Transport Module (BRYNTRN) (Wilson et al., 1991), a submodule of EMMREM described in Section 2.4.2, is used to compute dose rates at STEREO
A by solving for the transport of protons and secondary particles through various shielding
materials and thicknesses, using flux data from the LET/HET as input. The flux data used
here has been corrected for use in a future publication (Mewaldt et al., in preparation) in
order to fix certain errors that were present in some of the lower energy bins of the HET
during the peak hour of the event and has been used in this study to improve the accuracy of this analysis. As part of this analysis, EMMREM takes flux measurements made by
the LET/HET instruments at discrete energies from 1.8-100 MeV and converts them into a
continuous spectrum that extends up to GeV levels using logarithmic interpolation before inputting them into the BRYNTRN transport model to compute dose rates. Given its success
in modeling previous events, BRYNTRN can be expected to model the potential radiation
threat of the July 2012 event to astronauts in interplanetary space with reasonable accuracy.
Figure 4.1 shows gray-equivalent dose rates computed with BRYNTRN using STEREO A
data during the July 2012 event for both skin/eye and BFO. Dose rates are computed through
aluminum shielding of 0.3, 1.0, 5.0, and 10.0 g/cm2 , corresponding to spacesuit, heavy spacesuit, spacecraft, and heavy protective shielding, respectively. Because BRYNTRN computes
dose rates using only protons and their secondaries, it is not accurate in predicting the dose
rate during quiet times when heavier galactic cosmic rays (GCRs) contribute significantly to
the absorbed radiation. For this reason, Figure 4.1 also shows the average background GCR
rate measured by the CRaTER spacecraft during quiet times before and after the event.
This background GCR rate is the D1D2 dose rate described by Schwadron et al. (2012) and
in Section 2.3, which is comparable to the computed skin/eye dose shown here for the lowest
level of shielding and provides a better sense of when the radiation environment is dominated
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Figure 4.1: Dose rates during the July 2012 SEP event as computed by the EMMREM
radiation module using HET/LET data from STEREO A. Dose rates are computed for
skin/eye as well as BFO for four levels of shielding, s, corresponding to spacesuit, heavy
spacesuit, spacecraft, and heavy protective shielding. The peak dose rate occurs on 23 July
at 20:00 UT. A dotted line plots the average background GCR dose rate before and after the
event as measured by the CRaTER instrument aboard LRO.
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Figure 4.2: Accumulated doses for the July 2012 SEP event as computed by the EMMREM
radiation module. Doses are computed for skin/eye as well as BFO for various levels of
shielding. Also indicated on the plot are the 30-day NASA dose limits for skin, eye and
BFO, as well as the dose accumulated for the CRaTER GCR rate shown in Figure 4.1.
by SEPs.
Figure 4.2 shows the accumulated dose rates for skin/eye and BFO for each level of
shielding during the event. The NASA 30-day dose limits for skin and lens (Townsend et
al., 2013) are exceeded for only the two lowest levels of shielding and the 30-day BFO dose
limit is not exceeded for even the lowest level of shielding. All dose rates and accumulated
doses shown here are computed for 2π steradian exposure where half the sky is blocked, as
it would be on or near the surface of a planet, so that these results are directly comparable
to data from previous events.
Table 4.1 shows the peak dose rates and accumulated doses for skin/eye and BFO with
the four different levels of shielding. The hourly dose rate for spacesuit shielding peaks at
approximately 1970 cGy-Eq/day, almost four times as large as the peak rate computed by
EMMREM for the 2003 Halloween Storms (∼500 cGy-Eq/day) (Schwadron et al., 2010), and
more than an order of magnitude greater than the peak dose rates computed by EMMREM
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Skin/Eye
Shielding

Peak Dose Rate Accumulated Dose Band Fct. Dose

(g/cm2 )

(cGy-Eq/day)

(cGy-Eq)

(cGy-Eq)

0.3

1970 ± 35.0

383 ± 4.73

401 ± 36.7

1.0

1140 ± 19.1

233 ± 2.63

241 ± 24.0

5.0

162 ± 3.87

41.8 ± 0.55

38.4 ± 5.00

10.0

31.9 ± 1.05

11.0 ± 0.16

9.38 ± 1.36

BFO
Shielding

Peak Dose Rate Accumulated Dose Band Fct. Dose

(g/cm2 )

(cGy-Eq/day)

(cGy-Eq)

(cGy-Eq)

0.3

23.4 ± 0.81

8.69 ± 0.13

6.26 ± 0.92

1.0

21.8 ± 0.77

8.25 ± 0.13

5.48 ± 0.80

5.0

17.3 ± 0.64

6.88 ± 0.10

2.86 ± 0.42

10.0

14.1 ± 0.53

5.84 ± 0.09

1.51 ± 0.22

Table 4.1: Peak dose rates and accumulated doses for skin/eye and BFO for the July 2012
STEREO event as computed by the EMMREM radiation module. Accumulated doses computed using a Band function fit to the HET/LET flux data as input into BRYNTRN rather
than the real-time log interpolation used for the other data. Doses are computed for four different levels of shielding corresponding to spacesuit, heavy spacesuit, spacecraft, and heavy
protective shielding.
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Figure 4.3: Fluence spectra during the 23 July 2012 solar event for STEREO HET/LET as
well as the log interpolation and Band function fits used here to compute dose rates and
accumulated doses. The Band function fit is applied to the measured fluence spectrum for
the event, while the log interpolation is applied to the measured flux spectra at each time
step and then summed to get the plotted fluence spectrum, resulting in the irregular features
seen at higher energies.
for the January (140 cGy-Eq/day) and March (166 cGy-Eq/day) events of 2012 (Joyce et
al., 2013). While the peak dose rate for this event is much higher than the previous events,
it lasted for only one hour, whereas the previous events maintained dose rates at or near
the peak levels for a day or more and also contained multiple peaks. As a result, the
dose accumulated at the spacesuit level of shielding for the event is just 383 cGy-Eq, which
is somewhat smaller than the 2003 Halloween event (∼400 cGy-Eq), but still significantly
greater than the 2012 events (177 cGy-Eq for January and 228 cGy-Eq for March). Errors
are computed by using the errors in the flux spectra to create upper and lower bound spectra
and inserting them into the model.
Typically, SEP events are analyzed by fitting functions to their time-integrated fluence
spectra, However, since PREDICCS is designed to provide near real-time radiation modelling, the flux spectra at each time step used as input to the EMMREM model are fit
using simple logarithmic interpolation. It is therefore important to demonstrate that these
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log interpolated spectra give similar results to the more sophisticated fluence spectra fitting
methods and thus Table 4.1 also includes accumulated doses computed using a Band function (Band et al., 1993) fit to the HET/LET fluence spectrum of the event as input into
the BRYNTRN model, as opposed to the log interpolation spectra used to produce the data
plotted in Figure 4.1. The Band function fit as well as the measured fluence spectrum and
the log interpolated fluence spectrum, computed by integrating over the log interpolated
spectra at each time step in the event, are shown in Figure 4.3. Using the Band function
fit results in very similar skin/eye doses, being somewhat larger at the two lower levels of
shielding and slightly smaller at the two heavier levels of shielding. For BFO, the Band
function fit results in somewhat lower dose rates overall. This is due to the Band function
fit having a greater proportion of lower energy protons, which contribute the majority of the
dose for low levels of shielding, whereas the log interpolated spectrum has greater fluences
at higher energies, which penetrate shielding more effectively allowing them to contribute
more radiation to BFO and for higher levels of shielding.

4.2

Assessing the Longitudinal Variation of the Radiation Impact

During this event, the STEREO A, STEREO B, and LRO spacecraft were ideally placed
to show how observed radiation levels are affected by the location of the observer relative
to the ICME. Figure 4.4 shows the output of the WSA-ENLIL+Cone model, computed by
the CCMC for this event. The plot shows the radially-scaled density profile of the inner
heliosphere as well as the interplanetary magnetic field lines connecting the Sun to various
points of interest at 1 AU, including STEREO A, STEREO B and Earth (LRO/CRaTER),
at four different times during the event. This plot provides a clear sense of how the ICME
evolves outward from the Sun and how well each observer is magnetically connected to the
shock front at each stage.
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Figure 4.4: Output of the WSA-ENLIL+Cone model as computed by the CCMC during
the 23 July 2012 solar event. Radially-scaled density profiles are shown at four different
times during the event. Also shown are interplanetary magnetic field lines connecting to
various points of interest including STEREO A, STEREO B and Earth/LRO/CRaTER.
The positions of STEREO A/B and CRaTER as well as their magnetic connection to the
ICME during the event can be used to better understand the radiation observed by each
spacecraft. Data from this run was originally presented by Zheng et al. (2014).
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Figure 4.5: Dose rates at STEREO A/B and LRO/CRaTER during 23 July 2012 solar event.
Plot includes time labels corresponding to the four plots in Figure 4.4. At time 1, STEREO
A and CRaTER see sharp increases in dose rate due to their magnetic connection to the
CME while it is still relatively close to the Sun. At time 2, the dose rate at STEREO A has
peaked due to the arrival of the shock. At time 3, the STEREO A dose rate has dropped off
significantly following the passage of the shock, while the radiation at STEREO B gradually
increases. At time 4, the STEREO B dose rate has peaked due to magnetic connection to
the ICME from behind.
Figure 4.5 shows the dose rates during the event at STEREO A/B and LRO, where the
STEREO B dose rate is computed in the same manner as with STEREO A and the LRO
dose rate is the previously mentioned CRaTER D1D2 rate. The four simulation time periods
shown in Figure 4.4 are labeled on the dose rate plot to show how the evolving conditions
impact the dose rates at each spacecraft. Table 4.2 shows the peak times, peak dose rates
and total accumulated doses for the three spacecraft. As the table shows, the amount of time
that passes before the peak is reached varies by almost three days, while the accumulated
doses and peak dose rates vary by more than two and three orders of magnitude respectively.
The observed behavior of the dose rates is consistent with the findings of Reames (1999),
who showed how proton intensities varied depending on the position of the observer relative
to the ICME. Assuming that particle acceleration is greatest at the nose of the ICME and
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CRaTER
Peak Hour

STEREO A

STEREO B

July 23 21:00 July 23 20:00 July 26 14:00

Peak Dose Rate (cGy-Eq/day)

0.89

1970

1.17

Accumulated Dose (cGy-Eq)

2.94

383

2.83

Table 4.2: Peak dose times, peak dose rates and total accumulated doses for CRaTER and
STEREO A/B during the 23 July 2012 event, indicating how the longitudinal position of
the spacecraft relative to the ICME affects the observed radiation.
declines towards its flanks, Reames (1999) identified three common characterizations of energetic particle observations based on the observed intensity-time profiles, which are shown
in Figure 2.13. Figure 4.6 combines the graphics of Figure 4.4 with the dose rate time series
of Figure 4.5 in order to provide a clearer illustration of this effect inspired by the Reames
(1999) figure. A short video showing the evolution of the CME and dose rates during the
event with an accompanying sonification of the data is available on the Sun 2 Ice multimedia
page at: http://sun-2-ice.sr.unh.edu/multimedia.html.
The first type of intensity profile is observed by spacecraft on the eastern flank of the
shock, in this case LRO/CRaTER. The observer is magnetically connected to the nose of
the shock early in the event when the CME is still close to the Sun, however the connection
moves towards the flank as the ICME propagates outward, resulting in a steep initial jump
in particle intensities that decreases gradually as the event progresses in time. This is very
similar to the behavior observed by CRaTER during this event, except that CRaTER is
initially connected closer to the flank of the ICME, resulting in a more modest initial jump.
Interestingly, the Earth passed through an apparent corotating interaction region (CIR)
during the time of the elevated dose rates which likely worked to beam energetic particles
from the ICME to CRaTER.
The second type of observation occurs for centrally located spacecraft (in this case
STEREO A), that tend to not be well connected to the nose early in the event, resulting in a more gradual rise in particle intensities as the ICME approaches, followed by a
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Figure 4.6: Illustration of the characterizations observed by Reames (1999), using the ENLIL
model output at the time the shock arrives at 1 AU and the dose rates observed at CRaTER,
STEREO A and STEREO B, representing the observers located at the eastern flank, center
and western flank of the shock front, respectively.
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sharp drop-off once it has passed. Due to the wide longitudinal extent of the July 2012
CME, STEREO A was well connected to the shock front during even the early stages of the
event, resulting in an intense initial increase in the dose rate. The dose rate did not reach its
absolute peak, however, until the spacecraft encountered the shock, which was then followed
by the characteristic drop-off once it had passed.
The final type of observation is made by spacecraft on the western flank of the shock
(STEREO B), which are not initially well connected to the shock front and thus see the most
gradual increase in particle intensities, reaching their peak well after the shock has passed
(i.e. radially beyond 1 AU), when the observer is magnetically connected to the nose from
behind. STEREO B data for this event conforms to expectations in this case, having the
slowest increase in dose rate of any of the three spacecraft, not reaching the levels seen by
CRaTER until almost two days into the event and not peaking until more than three days
in, after which STEREO A and B had almost identical dose rates. This is likely due to the
reservoir effect, which is characterized by virtually identical flux spectra observed over wide
longitudinal intervals following the passage of shocks associated with large ICMEs (Reames,
Barbier and Ng, 1996; Reames, Kahler and Ng, 1997).

4.3

Summary of Radiation Modelling of 23 July 2012
Solar Event

The 23 July 2012 STEREO A event offers a rare opportunity to assess the potential radiation
threat of an exceptionally powerful CME. The peak dose rate is found to greatly exceed those
of the 2003 Halloween Storms and the January/March events of 2012, while the relative
brevity of the event results in a total accumulated dose that is comparable to the largest of
those events. While perhaps not as great as might initially be expected for such an intense
event, the amount of radiation that would be absorbed by the crew of a spacecraft during
such an event is substantial, even with the benefit of heavy protective shielding throughout,
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Figure 4.7: Graph comparing the peak dose rates and accumulated dose rates computed
by EMMREM for the Halloween event of 2003 and the January, March and July events
of 2012. Data is given for both the lowest level of shielding (spacesuit) and the highest
level of shielding (heavy protective shielding). Because astronauts would be likely to wait
out such major SEP events in the area of the spacecraft that has the greatest shielding,
the accumulative dose for the heavy protective shielding is probably the most important
indicator of the relative hazard of each event.
and would be significantly worse in interplanetary space where the full field of view would
double the absorbed doses shown in Table 4.1. This is especially true when viewed in the
context of a longer mission where incessant GCRs and additional episodic SEP events would
only make the cumulative radiation effects worse.
Figure 4.7 graphs the peak dose rates and accumulated dose rates modelled by EMMREM
for the 2003 Halloween event and the January, March and July events of 2012 for both the
highest and lowest levels of shielding. Because astronauts caught in a major solar storm
would likely spend the duration of the event in the area of the spacecraft with the highest
level of shielding, it is probable that the accumulated dose for heavy protective shielding is
the best indicator of the relative hazard of each event. Despite the fact that the July 2012
event possessed by far the highest peak dose rate for spacecraft shielding of any of the events,
the Halloween storm of 2003 actually had the highest peak dose rate f or heavy shielding of
any of these events. Also, while the total dose accumulated for spacecraft shielding for the
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July event is comparable to that of the Halloween event, the total heavy shielding dose for
the July event is nearly a factor five lower than that of the Halloween event and is in fact
comparable to that of the March event. The fact that the radiation hazard of the seemingly
much less violent March event was on par with the July event again demonstrates that the
hardness of the spectrum plays an critical role in determining how dangerous an SEP event is.
As a result, it seems that the July 2012 does not represent a worst case scenario SEP event,
despite initial appearances, and that events with harder spectra and thus a higher abundance
of high energy particles pose the greater threat to astronauts on extended space missions.
As shown in Figure 4.7, even the 2003 Halloween storm, which possessed a harder spectrum
and included five peaks associated with separate ICME passages, did not accumulate dose
rates for heavy protective shielding that exceeded NASA radiation limits, though it came
close. From this, it becomes obvious that it would require an exceptionally extreme SEP
event with extraordinary characteristics in order to create conditions that would expose
astronauts protected by heavy shielding to radiation levels that exceed NASA limits.
The analysis of dose rates at three different longitudes at 1 AU during the event demonstrates how dramatically the radiation impact is affected by the position of the spacecraft
relative to the evolving ICME. Depending on the location of the observer, the peak dose
rate varies by more than three orders of magnitude and the amount of time before the peak
is reached can be anywhere between one and three days. Upon initial analysis, the observed dose rates are in good agreement with expectations based on previous observations
made by Reames (1999), however additional modeling may be required to fully quantify
these effects. The capability of measuring dose rates at three different longitudes represents a new way to study solar events and time-series of the STEREO A/B and CRaTER
dose rates shown here are in the process of being incorporated into a data set that will be
made available to the community as a part of NASA’s Heliophysics Virtual Observatories,
as well as on the PREDICCS and CRaTER websites (http://prediccs.sr.unh.edu/ and
http://crater-web.sr.unh.edu/).
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Chapter 5
Characterization of the Atmospheric
Radiation Environments of the Earth
and Mars
Recent projections of the interplanetary radiation environment performed by Schwadron
et al. (2014), indicate that the current trend of declining solar activity will lead to further
elevated Galactic Cosmic Ray (GCR) fluxes and increasingly hazardous conditions for spacecraft crewmembers. As a result of their analysis, Schwadron et al. (2014) proposed that it
may be preferable to schedule exploration missions during solar maximum, when increased
solar activity and stronger heliospheric magnetic fields reduce the flux of GCRs. This would
represent a significant shift in the strategic planning of exploration missions, where previously solar minimum would have been considered preferable due to the decreased frequency
of extreme solar energetic particle events. Advancements in the prediction capabilities for
the arrival of interplanetary coronal mass ejections (ICMEs) combined with the relative effectiveness of spacecraft shielding on solar energetic particle (SEP) radiation serve to make
solar storms less dangerous to spacecraft crew members than they were previously thought
to be. For example, as described in Chapter 4, Joyce et al. (2015) used radiation modeling of the 23 July 2012 event observed by STEREO A, an extreme space weather event
that initially drew many comparisons to the historic Carrington Event, to show that with
the benefit of heavy protective shielding (10 g/cm2 aluminum), astronauts aboard a space87

craft that encountered that event would have been exposed to levels of radiation well below
NASA’s permissible exposure limits (NASA Space Flight, 2007). On the other hand, due to
their relatively high energy and nearly constant flux, GCRs represent a persistent radiation
threat for which increased shielding is not as effective since the secondaries produced by
the penetrating particles within the shielding can often be more damaging than the GCRs
themselves. It is clear that given recent findings, accurate radiation modeling of GCRs is
essential for the planning of future manned exploration missions. Atmospheric radiation
modeling may gain increased significance given the recent announcement that NASA will
be working to develop supersonic passenger transports that will fly at altitudes much higher
than normal commercial aircraft, thus reducing the level of atmospheric shielding and increasing the radiation risk. Additionally, atmospheric shielding of radiation is an important
consideration for potential manned missions to Mars.
In this chapter, I provide an overview of work done by Joyce et al. (2013), Joyce et al.
(2014) and Joyce et al. (2016) to characterize the radiation environments of the Earth and
Mars over the course of the LRO mission. To begin this work, Joyce et al. (2013) demonstrated a method for computing the energy loss of GCRs (i.e. modulation potential) as they
stream through the heliosphere using CRaTER measurements together with EMMREMgenerated lookup tables. As a follow up, Joyce et al. (2014) used this modulation potential
to compute atmospheric dose rates due to GCRs as a function of altitude at Earth and Mars.
Finally, Joyce et al. (2016) presented an improved model for computing GCR radiation levels
in Earth’s atmosphere that accounts for the effect of the Earth’s magnetic field on penetrating GCRs and used newly available radiation measurements from balloon and airline based
measurements to evaluate the accuracy of the model.
The critical questions I will attempt to answer in this chapter are: how accurate is this
model in when compared to radiation measurements made aboard commercial and research
aircraft? how do the dose rates modelled as a function of altitude compare with balloon
based measurements? what is the risk associated with GCR radiation to airline passengers?
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and what are the implications of the modelled dose rates in the Martian atmosphere in terms
of the obstacle that radiation poses to future manned missions to Mars?

5.1

Calculation of the Modulation Potential of GCRs
Over the Course of the LRO Mission

As described in Section 2.2.1, the modulation potential is the amount of energy lost by GCRs
as they stream through the heliosphere due to the influence of the interplanetary magnetic
field (IMF). Because the modulation potential represents the energy lost by GCRs as they
stream through the heliosphere, it is possible to infer the modulation potential at a point in
space from the GCR dose rate at that location. While the energy lost by different particles as
the stream through the heliosphere should vary somewhat, using one modulation potential
for all ion species and energies is a common approximation which yields reasonable results.
The modelling of GCR transport used here is based on the model described by O’Neill (2006)
which propagates the local interstellar energy spectrum through the heliosphere using the
Fokker-Planck equation. This model is an update of the original model laid out by Badhwar
and O’Neill (1992).
Joyce et al. (2013) took the hourly CRaTER-measured D1D2 skin dose rate described
in detail by Schwadron et al. (2012) and in Section 2.3 and removed measurements where
the dose rate rose significantly above the large scale background rate (i.e. periods of high
SEP activity) in order to obtain an approximate GCR dose rate over the course of the
LRO mission. Then, using lookup tables generated by the HZETRN code described in
Section 2.4.2, which contain dose rate data for various modulation potentials as well as
atmospheric and shielding densities, they calculated the modulation potential at the Moon.
Given the local modulation potential, these tables may be used to compute dose rates behind
different levels of shielding and for different atmospheric densities on Mars. By plotting
modulation potential against dose rate for an atmospheric density of 0 g/cm2 (consistent
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Figure 5.1: Plot of modulation potential vs. GCR dose rate for atmospheric density of
0.0 g/cm2 and shielding of 0.3 g/cm2 (emulating lunar conditions). The data are taken from
a lookup table based on the Badhwar-O’Neil model from O’Neill (2006) and are fit with
a sixth order polynomial in order to obtain an expression for modulation potential as a
function of GCR dose rate.
with conditions on the Moon) and shielding thickness of 0.3 g/cm2 (most consistent with
shielding seen by CRaTER) and fitting the plot with a sixth order polynomial, they obtained
an expression for the modulation potential as a function of GCR dose rate (Figure 5.1).
Using this expression with the CRaTER dose rates, they computed the modulation potential
over time. Figure 5.2 shows an updated version of the plot, showing the evolution of the
modulation potential at the Moon over the course of the LRO mission to date, from the
protracted minimum of solar cycle 23, into the ascending phase and weak maximum of cycle
24, and the beginning of the decline back to minimum. The mean monthly sunspot number
according to the Solar Influences Data Analysis Center (available at: http://www.sidc.be/
silso/datafiles/) is also plotted in order to establish context within the solar cycle. Using
these values for the modulation potential as input to the model, atmospheric dose rates at
Earth and Mars are computed for various altitudes.
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Figure 5.2: Plot of GCR dose rate and modulation potential at the Moon during the LRO
mission as the Sun transitions from minimum to maximum. Sunspot number as provided by
the SIDC is shown to provide context within the solar cycle. Plot has been updated from
those shown by Joyce et al. (2013), Joyce et al. (2014) and Joyce et al. (2016).
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5.2

Modelling GCR Radiation in Earth’s Atmosphere
with Comparisons to Balloon and Airline Based
Measurements

The spectra of GCRs incident on the Earth are computed using a program based on the
Badhwar-O’Neill model of O’Neill (2006), which describes the diffusion of GCRs through the
heliosphere. The program uses the GCR modulation potential as input and outputs an energy
spectrum for a selected ion species. Originally, Joyce et al. (2014) had ignored the effect of
the magnetosphere on energetic particles entering Earth’s atmosphere, computing dose rates
only for the polar regions where open field lines have little effect on penetrating GCRs. In
order to account for the shielding provided by the Earth’s magnetic field and enable the model
to provide dose rates for any latitudinal or longitudinal position in the Earth’s atmosphere,
Joyce et al. (2016) incorporated the geomagnetic cutoff model of Nymmik et al. (2009). This
modelling uses the concept of magnetic rigidity, which is a measure of the resistance of a
particle to deflection of its motion by a magnetic field, is given by the momentum of the
particle divided by its electric charge and is typically expressed in terms of GV. Therefore,
the geomagnetic cutoff rigidity is the magnetic rigidity (or particle momentum) necessary
for a particle to penetrate the Earth’s magnetic field to a particular altitude at a given
latitude and longitude. The geomagnetic cutoff model shown by Nymmik et al. (2009)
was chosen for use in the study because of its simplicity and ability to accurately calculate
geomagnetic cutoffs with little computational power required. Using the Kp index (available
at: http://www.ngdc.noaa.gov/) as input to account for the effect of solar activity on the
Earth’s magnetosphere, this method computes a vertical cutoff rigidity (generally considered
a sufficient approximation for the cutoff rigidity averaged over all directions (Nymmik et
al., 2009)) for a given latitudinal and longitudinal position. Using the computed rigidity,
compute radiation levels are then computed using only particles with magnetic rigidities
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greater than the geomagnetic cutoff.
Using this modified flux spectrum together with dose tables generated by the HETCHEDS code (described in Section 2.4.2), enables the calculation of dose rates for any geographic position at various altitudes in the Earth’s atmosphere, extending down to commercial airline altitudes (11 km). Each dose rate is computed through aluminum shielding of
1.0 g/cm2 , for a water depth of 1.0 cm which is a proxy for skin and eye, and assumes 2π exposure, meaning that half of the sky is blocked. For the sake of comparison, each computed
dose rate shown here is calculated using these same shielding, material and exposure values,
although the CRaTER instrument is shielded by 0.22 g/cm2 . For each daily modulation
potential value, energy spectra are computed for each of the available ion species. The dose
rate contribution of a given ion species at a given energy can be determined by taking the
corresponding flux value from the energy spectrum and multiplying it by the corresponding
dose/fluence value from the lookup table to get a dose rate. By summing these values over
each ion species (ranging from hydrogen to iron) and energy separately for each altitude
value, the total GCR dose rate is obtained for different altitudes in Earth’s atmosphere.
As previously stated, validation via direct measurement is essential for assessing the
accuracy of a model and lending credibility to the data it produces. While until very recently,
data sets of measurements of radiation in Earths atmosphere have not been publicly available,
two new data sets of balloon and aircraft based measurements have provided a new avenue of
comparison and means of validation of the atmospheric radiation model presented here. The
Automated Radiation Measurements for Aerospace Safety (ARMAS) project has recently
made available a dataset of radiation measurements made aboard commercial and research
aircraft flights spanning from 2013 to 2016, enabling the first validation of this atmospheric
radiation model via direct measurement. The ARMAS project uses dosimeter sensors aboard
aircraft in order to provide radiation data for efforts in Earth science research and to improve
aviation safety. The data used in this study is available at: http://sol.spacenvironment.
net/~ARMAS/Level_2_3_Data.html. The dosimeters used in the ARMAS project measure
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Figure 5.3: Radiation data from 25 high-altitude balloon launches made from California
over the course of 2015 for three altitudes corresponding to the stratosphere and to common
cruising altitudes of large commercial airliners and smaller propeller-driven planes. Each
measurement is averaged over four separate dosimeters aboard the balloon. Dose rates for
interplanetary space over this period are provided by CRaTER.
the total ionizing dose resulting from protons, heavy ions and neutrons in addition to gamma
rays, which is comparable to the species that are used in the model.
A newly available and expanding dataset of atmospheric radiation measurements made
by instruments aboard high-altitude balloons provide an additional source of atmospheric
radiation data and comparison to the model. These balloon launches were undertaken as a
part of the Earth to Sky Calculus program, in which high school students mentored by Dr.
Tony Phillips of spaceweather.com conduct experiments to study the Earth’s atmosphere
using instruments launched on high-altitude balloons (for more information on this program,
see: http://earthtosky.net/). The instrument used in these launches to measure dose
rates is the Polimaster 1621M dosimeter, which measures radiation caused by the X-rays
and gamma ray secondaries that are emitted as a result of the interaction of the penetrating
GCRs with the Earth’s atmosphere. Each payload typically includes four of these sensors,
with the resulting measurements being an average of the four detectors. Because the balloon
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Figure 5.4: Plot of modeled GCR dose rates in the Earth’s atmosphere over the course of the
LRO mission to date. The model dose rates shown are computed using the Badhwar-O’Neil
model together with the computed modulation potential shown in Figure 5.2 and updated
EMMREM-generated dose lookup tables. Also shown for comparison is the CRaTER GCR
dose rate measured over this period.
based instruments measure radiation only from photons, while the model accounts for the
radiation due to particles, these measurements do not provide a means of validation for the
model, but instead offer an opportunity to observe how the radiation due to photons and
particles compare as a function of altitude in Earth’s atmosphere. The data set contains two
examples of measurements taken during simultaneous launches from Bishop, California (lat:
37.5◦ , long: -118.9◦) and Concord, New Hampshire (lat: 43.2◦ , long: -71.5◦ ), providing an
opportunity to compare how geographic location affects the atmospheric radiation profiles
of photons and particles. In 2015, the students launched 42 balloons, including 40 from
California and 2 from New Hampshire. Figure 5.3, shows atmospheric dose rates taken from
this data set for three different altitudes, with CRaTER measurements providing the dose
rate in space over this time period.
Using the modulation potential shown in Figure 5.2, atmospheric dose rates are computed
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over the course of the LRO mission as shown in Figure 5.4. These atmospheric dose rates are
computed for the same latitude and longitude as for the California balloon launches, in order
to be comparable to the dose rates plotted in Figure 5.3. The dose rate in interplanetary
space, as measured by CRaTER, is also included in the plot for reference and it can be seen
that the dose rates at the highest altitude are comparable to those measured by CRaTER,
particularly later in the LRO mission, and about a factor of eight greater than those at the
lowest altitude throughout. The dose rate for zero atmospheric shielding (labelled ‘High’ in
Figure 5.4) is also plotted in order to demonstrate the pure effect of the magnetosphere on
the radiation level. From this, it is shown that the magnetic field alone reduces the dose
rate by about 35% on average relative to the CRaTER dose rate and that the atmospheric
shielding at 36 and 30 km (5 and 12 g/cm2 , respectively), actually serves to increase the
dose rate, reducing the CRaTER dose rate by only 24%. This suggests the presence of a
Pfotzer maximum in the radiation due to particles somewhere above 36 km, with the dose
rate does not falling below the zero atmosphere levels until an altitude of approximately
25 km. In addition to the absorbed dose, Joyce et al. (2014) plotted the personal dose
equivalent (computed with the quality factor based on linear energy transfer as described in
Section ), however it was found to be almost identical to the absorbed dose and thus not an
effective assessment of the equivalent dose. For this reason, I have not included a plot of the
computed personal dose equivalent in Earth’s atmosphere here.
Figure 5.5 shows the comparison between the model and the level 3 ARMAS (version
v5.35) dose rates measured on 117 airline flights spanning from 18 June 2013 to 18 February
2016. Dose rate, latitude, longitude and altitude data for each flight were averaged and
the average geomagnetic cutoff during the flight as computed by the Nymmik et al. (2009)
method was used as input for the atmospheric model to generate dose rates for comparison.
In order to be comparable to the model’s lowest altitude output (11 km), data measured
below 8 km were not used for this comparison. Additionally, in order to have the geomagnetic
cutoffs computed by the model be sufficiently accurate for this comparison, for each flight,
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Figure 5.5: Dose rates measured aboard commercial aircraft during 117 flights spanning from
mid-2013 to early 2016, as provided by the ARMAS project. Modeled dose rates are also
shown and are found to be 20% greater than the measurements on average. The average
latitude and longitude as well as the cutoff rigidity used by the model are plotted to explain
how variations seen in the airline dose rates generally result from locational differences
which determine the cutoff rigidity. Errors in the modeled dose rate are computed using
the standard deviation of the geomagnetic cutoff for each flight, providing upper and lower
limits on the dose rate. The dose rate measured by CRaTER during each flight is also shown
for comparative purposes.
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data for latitudes and longitudes differing from the flight average by more than 5◦ and 15◦ ,
respectively, were discarded. The 117 flights used have been numbered in chronological order
and plotted against the corresponding modeled dose rates in Figure 5.5. The ARMAS dose
rate data is presented in terms of personal dose equivalent at a depth of 10 mm into tissue,
generally considered a sufficiently precise assessment of the effective dose (ICRP Report 103,
2007), and is computed using quality factors that are estimated based on the cutoff rigidity.
Since Joyce et al. (2014) showed the model does a poor job of computing dose equivalent rates
using the operational quality factor derived from the linear energy transfer of the particles,
for this comparison the ARMAS dose equivalent rates are divided by the average estimated
quality factor to get the measured absorbed dose rate. Despite the simplicity and limitations
of the model, it does a good job of reproducing the ARMAS measurements, with the model
producing dose rates that are on average 20% higher than the measurements, which falls
within the 30% uncertainty limit recommended by the ICRU (ICRU Report 84, 2010).
The model seems to be more accurate in reproducing the measured dose rates following
the first 40 flights (8 June 2015 and onward), overestimating them by 7% on average. This
is likely due to the fact that, in addition to the greater availability of quiet time data
from CRaTER, the Badhwar-O’Neil model is more accurate in determining the modulation
potential during solar minimum than in solar maximum. This is clearly seen in Figure 5.2,
which shows a much more uniform and well defined modulation potential from mid-2015
onward, compared to the more erratic data seen from mid-2013 to mid-2015.
Figure 5.5 also shows the average latitudinal and longitudinal positions for each flight as
well as the cutoff rigidity computed by the model. Figure 5.6 shows how the measured dose
rates vary for different geographic locations. These variations are due to differences in the
cutoff rigidity, which varies by geographic location due to the characteristics of the Earth’s
magnetosphere. The relationship between the measured dose rate for each flight and the
modelled geomagnetic cutoff rigidity used to compute the dose rate is shown in Figure 5.7.
The average dose equivalent rate measured for the flights shown in Figure 5.5 is 0.55 µSv/hr.
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Figure 5.6: ARMAS dose rates as a function of latitude and longitude. The black lines are
a contour plot of the geomagnetic cutoff rigidity (GV) using the cutoff rigidities computed
by the model at an altitude of 11 km. The cutoff rigidities are computed using the average
Kp index over the time span of the ARMAS measurements (1.8) and a local time of 12 pm
for each location.
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Figure 5.7: Plot of ARMAS dose rates against the modelled geomagnetic cutoff rigidity
computed with the Nymmik model for each flight. The plot shows that most of the observed
variation in the measured dose rates are due to differences in cutoff rigidity at the location
of the flight, though time dependent factors such as or geomagnetic activity and the GCR
modulation are also responsible for some changes in the measured dose rates. These time
dependent factors clearly have a greater effect at locations with lower geomagnetic cutoffs,
which makes sense since such subtle features are less likely to penetrate through areas where
the magnetic field is strong.
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With an average flight time of 7.3 hours, the average dose equivalent for each flight is 3.99
µSv. This means it would take approximately 1830 flight hours or 250 flights to reach the
1 mSv yearly effective dose limit for members of the public recommended by the International Commission on Radiological Protection (ICRP) and many more than that to reach
the 20 mSv occupational yearly limit (ICRP Report 103, 2007). To provide further context,
the average effective dose associated with a chest X-ray is 0.1 mSv (Mettler et al., 2008),
equivalent to about 25 flights. Based on these numbers, it is clear that the radiation risks
to commercial airline passengers are most likely fairly low, with relatively few airline customers flying frequently enough to approach the radiation limit recommended by the ICRP.
As a part of its duty limitations and rest requirements, the Federal Aviation Administration (FAA) limits flight crewmembers to 1,000 hours of flight time in any 365 consecutive
calendar day period (according to 14 CFR Part 117.23 of the current FAA Code of Federal
Regulations), meaning that it would be unlikely for flight crewmembers to exceed the ICRP
public dose limits under normal circumstances. The FAA does not seem to apply similar
limits to other aircraft crewmembers such as flight attendants, so it may be possible for
them to come closer to the ICRP public limit, though very unlikely to approach the much
higher occupational limit. While the current rest requirements have the secondary effect
of preventing flight crew from exceeding the ICRP dose limits, specific safety requirements
for limiting radiation may need to be put into place in the future with the possibility of
new supersonic commercial flights flying at higher altitudes, as well as suborbital reusable
launch vehicle flights to altitudes around 100 km. As shown in Figure 5.4, the absorbed dose
increases by more than a factor of four from 11 to 20 km, which is close to the maximum
cruising altitude of the Concorde supersonic passenger jet (18.3 km). Assuming a similar
scaling of the effective dose, it becomes more conceivable for aircraft crewmembers to approach the ICRP radiation limits, though rotating crew between supersonic and subsonic
aircraft would likely reduce these risks significantly. SEPs events provide an additional and
transient source of radiation that could potentially push crewmember exposures closer to
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Figure 5.8: Dose rates measured by instruments aboard high-altitude balloons for two simultaneous launches from California and New Hampshire as well as modeled dose rates for
the same times and locations.
the ICRP limits. Powerful solar storms can inject energetic particles into the atmosphere,
elevating radiation levels above the normal background associated with GCRs.
Measurements from the two simultaneous high-altitude balloon launches from California
and New Hampshire that occurred on 20 July and 21 November 2015 are shown in Figure
5.8, along with the comparable modeled dose rates. The model dose rates are somewhat
higher than the measurements at high altitudes and somewhat lower at low altitudes, with
the measured radiation levels reaching a Pfotzer maximum at approximately 20 km, while
the Pfotzer maximum for the modeled dose rates being above 36 km as previously noted.
These differences are due to the fact that the balloon dosimeters measure X-rays and gamma
rays rather than the primary GCRs and secondary particles used in the model. Figure 5.8
shows that particles dominate the dose rate at high altitudes, while the dose at low altitudes
is dominated by photons. At high altitudes, the secondary X-rays and gamma rays are in
lower abundance due to low atmospheric densities, however following the Pfotzer maximum,
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they are able to penetrate deeply into the atmosphere resulting in relatively high dose rates
at low altitudes. It is important to note that while the photons represent a larger portion of
the total absorbed dose at airline altitudes, because particles, in particular heavy ions and
neutrons, have relatively high biological damage potential as can be seen by the radiation
weighting factors used to determine equivalent, gray-equivalent and effective doses (ICRP
Report 103, 2007; NCRP Report 132, 2000), primary and secondary GCR particles almost
certainly represent the largest radiation threat to airline passengers. The model shows a
similar, though larger increase in dose rates from California to New Hampshire than the
balloon measurements, with the radiation differences being due to the fact that geomagnetic
cutoff rigidities are typically twice as large at California compared to New Hampshire. At 20
km, the approximate altitude where the balloon dose rates are at their highest, the measured
dose rate at New Hampshire is approximately 24% higher than at California for the July
launch and 36% higher for the November launch, with the changes in these percentages
between launches being due to differences in the modulation potential and geomagnetic
activity. Because the model uses energetic particles rather than gamma rays and X-rays,
the differences in the cutoff rigidities between the two locations have a larger effect on the
modelled dose rate, resulting in much larger differences in the modeled dose rates at 20 km
for both launches, with a 74% difference for July and 78% for November.

5.3

Computation of Atmospheric Dose and Equivalent
Dose Rates at Mars

Dose rates in the Martian atmosphere are computed here by scaling the computed modulation potential out to Mars and then reversing the process used to calculate the modulation
potential in order to obtain GCR dose rates. Using theory from O’Neill (2006), Schwadron
et al. (2010) showed that the modulation potential can be scaled to different locations in the
heliosphere according to:
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Φ(r, t) = Φ1 (t)

arctan(Rb /r0 ) − arctan(r/r0 )
,
arctan(Rb /r0 ) − arctan(r1 /r0 )

(5.1)

where Φ is the modulation potential at a distance r outward from the Sun, Φ1 the reference
modulation potential at r1 , Rb is the distance to the outer modulation boundary (taken to
be 100 AU), and r0 is 4 AU. Using the modulation potential measured by CRaTER at the
Moon (1 AU) as reference, the modulation potential at Mars (1.5 AU) is computed using
Equation 5.1.
Having computed the modulation potential, the same HZETERN lookup tables used to
generate Figure 5.1 can be used in reverse to plot dose rate against modulation potential
for various atmospheric densities and by fitting the plots, expressions for GCR dose rate as
a function of modulation potential can be obtained. Then, using the modulation potential
at Mars, these expressions are used to calculate dose rates for various atmospheric densities
behind aluminum shielding of 1.0 g/cm2 . Because altitude is a more meaningful quantity
than atmospheric density in this case, the conversions shown in Townsend et al. (2013) are
used to express the dose rate at different altitudes in the Martian atmosphere. Figure 5.9
shows the evolution of these dose rates over the course of the LRO mission. From this plot, it
can be seen that the 30 km altitude dose rate at Mars is somewhat larger than the CRaTER
dose rate, reflecting the fact that since the GCRs have traveled a shorter distance through
the heliosphere, they have lost less energy and contribute a greater dose. The 30 km Mars
dose rates are larger than the Earth dose rates by a factor of 2-2.5 due to a combination
of the above effect as well as the reduced atmospheric density. The plot also shows that,
due to the relatively low atmospheric densities, there is less variation between the different
altitudes, with the highest altitudes exceeding the lowest by only 9% at the outset of the
measurements and decreasing to 6% by the most recent measurements.
Zeitlin et al. (2013) reported GCR dose rates measured by the Mars Science Laboratory
(MSL) en route to Mars of 0.048 cGy/day. This dose rate was measured in silicon, then
converted to water and averaged over measurements taken from 6 December 2011 to 14 July
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Figure 5.9: Plot of GCR dose rates in the Martian atmosphere for various altitudes. The
dose rates are calculated by scaling the modulation potential out to Mars, and reversing
the process used to compute the modulation potential to obtain dose rates. As would be
expected, the Martian dose rates are higher than those for the Earth due to the relatively
low atmospheric density as well as the fact that the GCRs have lost less energy over a
shorter distance into the heliosphere. It is also shown that due to the relatively low density
of the Martian atmosphere there is a much smaller difference between dose rates at different
altitudes, varying by approximately 9% at the beginning and 6% at the end.
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Figure 5.10: Plot of GCR effective dose rates in the Martian atmosphere for various altitudes.
These are computed much in the same way as the Martian dose rates except using equivalent
dose lookup tables. There is a greater variation between the highest and lowest altitudes for
the effective dose compared with the absorbed dose, with the effective dose for the highest
altitude being 29% greater on average than for the lowest altitude.
2012 during transit to Mars. Because these measurements took place in free space, where
the dose rates computed here assume the sky is half blocked by Mars, the actual rate that
should be compared to is 0.024 cGy/day. This is comparable, though somewhat smaller
than the modelled rates which, for the highest altitude, are around 0.03 cGy/day during the
same time period. The most likely explanation for this discrepancy is that the GCR dose
rate increases radially outward from the Sun and since MSL was in transit to and had not
landed on Mars during these measurements, it would see a lower average rate. Therefore,
the observed discrepancy is reasonable and this comparison lends credibility to the model.
MSL dose rate measurements made on the surface of Mars were not available for comparison
at the time of this publication.
To compute effective dose rates in the Martian atmosphere, the same process used to
compute dose rates is applied, except using lookup tables containing effective dose rates as
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a function of modulation potential. Figure 5.10 shows the resulting effective dose rates in
the Martian atmosphere for various altitudes over the course of the LRO mission. The plot
also shows a greater variation in effective dose rate for different altitudes compared to the
absorbed dose, with the highest altitude being greater than the lowest by 29% on average.
This results from the fact that, as previously discussed, heavier ions contribute much more
to the effective dose than lighter ions and since they are fragmented at higher altitudes, the
equivalent dose rates at lower altitudes will decrease relative to higher altitudes more than
the absorbed dose rates.
Using the average effective dose rate over this period at the lowest available altitude (2
km) as a sufficiently close estimate of the radiation conditions on the surface of Mars, I find
that it would take approximately 1.5 days for astronauts on the surface of Mars to reach the
1 mSv yearly radiation limit recommended by the ICRP for members of the public (ICRP
Report 103, 2007). It would thus take astronauts about one month to to exceed the occupational yearly limit of 20 mSv. This level of radiation exposure would be equivalent
to receiving nearly seven chest X-rays per day, each being equivalent to 0.1 mSv effective
dose (Mettler et al., 2008). Based on these numbers, it is clear that astronauts on Mars
would face a severe radiation hazard that could potentially preclude extended stays on the
surface of the planet. These inhospitable conditions are a direct result of Mar’s lack of a
protective magnetosphere and an atmosphere that is about 100 times thinner than that of
Earth.

5.4

Summary of Atmospheric Radiation Modelling

In this chapter, I have shown work from Joyce et al. (2013), Joyce et al. (2014) and Joyce et
al. (2016) which has shown the development of a model used to characterize the atmospheric
radiation environments of the Earth and Mars. I have demonstrated a validation of the
updated model for computing dose rates in Earth’s atmosphere using ARMAS measurements
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made by instruments aboard 117 airline flights spanning from mid-2013 to early 2016. The
modeled radiation levels at airline altitudes are found to be sufficiently accurate to assess
radiation risks, with the model overestimating the dose rate by 20% on average, falling within
the 30% uncertainty limit recommended by the ICRU (ICRU Report 84, 2010). One source
contributing to the uncertainty is the transport of GCRs through the heliosphere. A series
of papers in 2014 showed that different transport models can lead to differences of up to 50%
in the resulting effective dose (Slaba and Blattnig, 2014a,b; Slaba et al., 2014). A detailed
analysis of how these different transport models affect the atmospheric radiation model’s
output is left to a future study. Additionally, the modeled dose rates for the atmosphere of
Mars have been compared to data from the Mars Science Laboratory and are found to be
reasonable when compared to the measurements.
In this chapter, I have also provided an assessment of the radiation hazard due to GCRs in
the atmospheres of the Earth and Mars. Using the average dose rates for flights measured as
a part of the ARMAS program, I computed the number of flight hours that would be required
to reach public dose limits and based on these numbers, it seems very unlikely that either
airline passengers or crewmembers would be exposed to dangerous levels of radiation. In
evaluating the average radiation conditions at the lowest altitude in the Martian atmosphere
modelled here, which should not be significantly different from conditions on the surface of
Mars, I found that astronauts would be exposed to radiation levels that would reach public
limits within about 1.5 days, occupational limits within a month, and that the radiation they
would experience on a daily basis would be equivalent to nearly seven chest X-rays. Based
on these results, it is clear that radiation from GCRs represents a major obstacle to future
manned missions to Mars. This is further compounded by the fact that increased shielding
may only serve to worsen conditions due to the production of secondaries in the shielding
material.
I have also presented a new dataset of radiation measurements made by instruments
aboard high-altitude balloons during 27 launches that occurred from late 2014 to early 2016
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as a part of the Earth to Sky Calculus project. Because the instruments used measure gamma
rays and X-rays rather than the primary and secondary GCR particles that are used in the
model, they cannot be used for validation purposes, however they do provide an interesting
demonstration of the radiation profiles of photons vs. particles as a function of altitude.
While the comparison between the model and ARMAS measurements at airline altitudes
is reassuring, a thorough validation over a range of altitudes would provide an even more
useful assessment of the model. The Earth to Sky Calculus program is working to improve
the measuring capabilities of its balloon payloads, including enabling the measurements of
radiation due to particles such as neutrons. These additional measurements would be an
invaluable contribution to the scientific community and would provide an improved capability
to assess the accuracy of atmospheric radiation models.
The validation shown here, lends credibility to a model that is relatively simple and relies on lookup tables rather than resource intensive computer simulations, making it easy
to adapt for future efforts in risk assessment and atmospheric radiation studies. It would
be relatively easy, for example, for the model to incorporate SEP flux data, such as those
available on the PREDICCS website (http://prediccs.unh.edu), to compute near realtime atmospheric dose rates due to SEP events. It also must be noted that, while CRaTER
provides an excellent means of computing the modulation potential, other space or ground
based measurements could be used to estimate the modulation potential if CRaTER measurements were no longer available, likely with somewhat different results. I plan to make
the modeled atmospheric dose rates shown here available to the community as a tool for risk
assessment on the PREDICCS website, as well as the Community Coordinated Modeling
Center (http://ccmc.gsfc.nasa.gov/).
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Chapter 6
Summary
In the preceding chapters, I have provided a comprehensive characterization of the ionizing
radiation environment of the inner heliosphere over the course of the LRO mission to date.
This study has been facilitated by the confluence of a robust and useful data set of energetic
particle measurements made by the CRaTER instrument with powerful, yet flexible modelling provided by the EMMREM radiation module, which has enabled examination of the
radiation environment in ways that were not previously possible. This study has demonstrated the evolution of galactic cosmic ray radiation spanning from the protracted minimum
of solar cycle 23 and into the weak maximum of cycle 24, during which time solar conditions
have induced higher GCR fluxes than have ever before been observed during the space age.
Despite the relative calm of the Sun over this period, I have also been fortunate enough to
be able to study four major solar events during this time, including one of historic intensity,
and analyze their potential radiation hazard to astronauts.
In Chapter 3 CRaTER measurements during three major solar events were used to provide a validation of the online PREDICCS system. Through comparison to measurements,
PREDICCS was found to be quite accurate in computing peak dose rates as well as total
accumulated dose, with the results being shown in Table 3.1. While PREDICCS did a good
job of modelling the events overall, it was found that it consistently underestimated dose
rates during the declining phase following the peaks of each event. By analyzing LET spectra
generated during these times of discrepancy and comparing to the spectra of the events as
a whole, it was determined that the most likely reason for these discrepancies is the influ110

ence of low energy protons, which were found to be in higher abundance during these times
and which are not well modelled by the BRYNTRN transport code used by PREDICCS. In
addition to providing an opportunity for model validation, these events also enable an examination of the radiation hazard of three major solar events using superior measurements and
modelling than was available for previous large SEP events. Because PREDICCS provides
data for different levels of shielding, I showed that, given the benefit of heavy protective
shielding, these events would not have exposed astronauts to levels of radiation that even
approach the 30-day limits, flouting the conventional wisdom that large SEP events represent the most significant radiation hazard for manned space missions. These results are very
much in keeping with the findings of Schwadron et al. (2014), which showed that GCRs are
the dominant radiation hazard in the inner heliosphere and used projections of current solar
conditions to show that this trend is likely to continue. From these findings, they suggested
that future risk assessment efforts should focus on limiting GCR exposure rather than exposure to large SEP events. This shift in emphasis could involve implementing strategies such
as launching missions during solar maximum when GCR fluxes are at a minimum which
would have been unthinkable at previous times in the space age since these periods represent
times of increased frequency of CME and solar flare eruptions.
In Chapter 4, this hypothesis was further tested using data taken from STEREO A as
it encountered an extreme ICME on 23 July 2012. Because of the exceptional size of this
ICME as well as its record speed, this event drew many initial comparisons to the historical
Carrington event, famously known for the intense geomagnetic storms it generated when it
encountered the Earth in 1859. While many studies have been performed which seek to model
the potential effect of this ICME on the Earth’s magnetosphere, this dataset also presented
a perfect opportunity to analyze the potential radiation hazard of what could initially have
been thought of as a worst case scenario SEP event. However, upon using EMMREM to
evaluate the radiation hazard from energetic particle data taken at STEREO A during the
event, it was found that, while the event did produce a peak dose rate that is dramatically
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larger than those for other major solar events that have been recently studied, the total
accumulated dose is similar to the other events and would not, again with the benefit of
heavy protective shielding, have exposed astronauts to radiation levels approaching NASA’s
30-day limits. This is a significant result in that it demonstrates the effectiveness of shielding
in protecting astronauts, even from the most extreme SEP events. Despite producing extreme
SEP fluxes at the peak of the event when the spacecraft was encountered by the ICME, the
exceptional violence of the storm actually worked against it as a radiation hazard, since the
record speed of the ICME resulted in a much shorter event overall relative to previous events
studied here, significantly weakening the total accumulated dose for the event. Based on
these findings, it is difficult to imagine a single ICME that could produce radiation exposure
levels that would exceed NASA permissible exposure limits, though the few extreme SEP
events that have been studied are insufficient to rule it out. Harder spectrum events, such
as the March 2012 event, may have a better chance of reaching these limits due to their
higher abundance of high energy particles that penetrate shielding more easily and also
produce highly hazardous secondaries while traversing shielding materials. Still, it is likely
that such radiation limits could only be reached by several large ICMEs being launched in
quick succession, similar to what was seen for the 2003 Halloween storms.
In Chapter 4, STEREO B and CRaTER data were also used to analyze how the observed
radiation exposure is affected by the position of the observer relative to the ICME as it
propagates outward from the Sun. During this event, STEREO A, STEREO B and CRaTER
were longitudinally distant from one another and ideally positioned for such an analysis. The
resulting radiation time profiles differed significantly depending on whether the observer was
centrally located or on the eastern or western flank of the shock front and that the resulting
profiles were in very much in keeping with the findings of Reames (1999). These results
further demonstrate the importance of accurate modelling of ICMEs since the position of
an observer relative to a spacecraft has a major impact, not only on the relative scale of
the radiation hazard but also on how that radiation is distributed in time. For example,
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it was shown that for an observer located on the eastern flank, it is possible to observe a
steep initial rise in dose rate due to connection to the CME when it is close to the Sun and
yet miss the ICME entirely and receive relatively little dose, while observers on the western
flank see a very gradual rise in dose rate which does not peak until the ICME is well past the
observer. Centrally located observers, of course, face the largest radiation hazard as peak
dose rates are obtained at the nose of the shock front of the ICME.
The mounting evidence that GCRs represent the dominant source of radiation hazard
in the inner heliosphere provides motivation for the work presented in Chapter 5, in which
the modulation of GCRs is modelled from mid-2009 to present. This modelling serves as
the basis for a new atmospheric radiation model that I developed using existing transport
codes and lookup tables that is used characterize the radiation environments of the Earth
and Mars. Understanding the effectiveness of atmospheric shielding on radiation is a critical
step toward future manned missions to Mars, however it is also important for determining
radiation hazards at aircraft altitudes in Earth’s atmosphere. Currently the FAA does not
have any guidelines or limits set to reduce radiation exposure and it is clear that accurate
modelling is needed to ensure the safety of airline passengers and crew. In this chapter,
CRaTER measurements are used to characterize the modulation of GCRs over the course of
the LRO mission, which is then used as input into the model to compute atmospheric dose
rates at the Earth and Mars. This atmospheric radiation model incorporates elements of
several transport codes and other models, including EMMREM, HETC-HEDS, HZETRN,
the Badhwar-O’Neill model and the Nymmik et al. (2009) geomagnetic cutoff rigidity model.
Using radiation measurements taken aboard commercial and research aircraft as a part of
the ARMAS project from mid-2013 to 2016, I provide a validation of the model’s ability to
compute dose rates in the Earth’s atmosphere and find good agreement with discrepancies
falling well within the radiation modelling uncertainty limit set by the ICRU. Because the
model relies on lookup tables rather than more resource and time intensive methods utilized by other atmospheric simulation methods it is ideal for quickly and cheaply assessing
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radiation hazards at airline altitudes.
In Chapter 5, I also provide an analysis of the radiation hazard posed to airline passengers
using the ARMAS dataset and find that it is unlikely for either passengers or crewmembers
to be exposed to radiation levels that exceed limits for members of the public set by the
ICRP. It is important to note however that none of the flights analyzed here passed over
the poles where the Earth’s magnetosphere provides little protection and that such polar
flights may increase radiation exposure significantly and require future study. Also, with the
announcement that NASA is working to develop new supersonic aircraft that would fly at
much higher altitudes than normal commercial flights, radiation modelling will be important
to ensure the safety of passengers and crewmembers on such flights. Additionally, a newly
available data set of balloon-based measurements made by high school students as a part
of the Earth to Sky Calculus program is used in this chapter to demonstrate the relative
dominance of energetic particles vs. photons in terms of dose contribution as a function of
altitude in the Earth’s atmosphere.
In Chapter 5, the atmospheric radiation model is also used to compute dose rates as
a function of altitude in the atmosphere of Mars. Because Mars does not possess its own
magnetosphere to protect it from energetic particles and has a much thinner atmosphere
than Earth, accurate atmospheric radiation modelling is a critical step for the planning
of future manned missions to the planet. While validation via direct measurement is not
currently possible, it was shown that the model dose rates were in good agreement with the
nearest available measurements taken by the Mars Science Laboratory in transit to Mars.
Based on radiation levels modelled near the Martian surface, which showed that public and
occupational radiation limits would rapidly be reached; it is clear that radiation is a major
obstacle to future manned missions to Mars and may preclude extended stays on the surface
of the planet. In the future, I plan to make these data, in addition to the dose rates for
Earth’s atmosphere, available to the scientific community as a part of the PREDICCS and
CCMC websites.
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While the work shown here has provided a comprehensive view of the radiation in the
heliosphere, including studies of the radiation hazard of both major SEP events and GCRs
to astronauts and examining the atmospheric radiation environment of the Earth and Mars,
this research is ongoing and there are still many open questions to be answered. In Chapter 3, it was shown that increased abundances of low energy protons are responsible for the
disagreement between CRaTER and PREDICCS dose rates during the declining phases of
SEP event. While this was useful in determining the weaknesses of PREDICCS/EMMREM
in modelling SEP events, it is clear that these declining periods possess unique characteristics
and further study is needed to better understand them.
In the future I hope to dig deeper into the CRaTER data and provide a more in depth
study of these declining by separating out the dose contribution of different LET ranges,
showing the relative contribution of high and low energy particles over the course of events.
While there is currently no clear path forward on improving EMMREM’s modelling of low
energy protons, it is possible that further study of these periods may lead to ideas for
improving the model. In parallel to the work shown here, I have been working on a study
that analyzes SEP anisotropies by looking at how the CRaTER count rates oscillate as LRO
orbits about the Moon, essentially using the Moon as a beam stop. It is likely that this
type of analysis would also be useful in better characterizing the declining periods of SEP
events. Additionally, I would like to reexamine the SEP events that have been modelled
by EMMREM, by modelling the dose rate using the exact same level of shielding that is
experienced by the CRaTER detectors to see if this will improve the agreement between the
model and measurements.
In Chapter 5, I demonstrated the accuracy of the atmospheric radiation model in calculating absorbed dose rates at airline altitudes, however the absorbed dose is of limited use in
evaluating radiation hazard and the model would be much more useful if it could compute
the effective dose, which is used to evaluate radiation hazards to members of the public.
Using codes that use simulated data from anthropomorphic phantoms together with LET
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lookup tables, I plan update the model, enabling it to compute the effective dose without
sacrificing its current speed and simplicity. I would also like to incorporate the near real-time
SEP flux data provided on the PREDICCS into the model so that it can model the radiation
impact of SEP events on the Earth’s atmosphere.
In the field of physics, it is not uncommon for theory and experiment to be thought
of as being on opposite ends of the scientific spectrum, or even as competing ideologies.
In the past, aspiring physicists were essentially herded into one of two groups, theorists or
experimentalists, depending on their perceived talents or inclinations. Within the space
physics community at least, it seems these lines have become blurred, with those at the
forefront of the discipline using a combination of direct measurements and modeling to
broaden scientific understanding of the natural world. While both theory and experiment
are valuable in their own right, scientific progress truly occurs at their convergence, with
both sides feeding into each other, cross-pollinating and providing both motivation and
validation in both directions. I am reminded of the common saying, “A theory without
proof is not convincing and a measurement without context is not compelling.” It is in this
vein that I present this body of work, in which a combination of direct measurements and
modelling/simulations have been used to further scientific understanding of radiation in the
inner heliosphere.
This effort to evaluate radiation hazards has been undertaken as a small component
of a much larger scientific goal: for man to return to space in earnest, with the ultimate
ambition of a future manned mission to Mars. Given the, to put it mildly, strained nature of
the current economic and political climate, it is easy to dismiss such a goal as pure fantasy;
however, it is important to remember that in 1960, it probably would have seemed impossible
to most members of the public that a man might one day walk on the Moon and yet within
the decade Neil Armstrong did just that. In fact, when you consider the fact that it was
accomplished using computers no more sophisticated than a pocket calculator and with a
far more limited knowledge base of the space environment than is currently available, that
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accomplishment still seems impossible to this day. While it is easy to give in to cynicism, it
is important to remember that when the efforts of many individuals align toward a common
purpose, mankind is capable of achieving the incredible. With that in mind, I hope that the
work shown here will contribute, in some small way, to that greater legacy.
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